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The  goal  of  this  research  was  the  design  and  synthesis  of 
a series  of  naphthyl  imide  and  diimide  derivatives  as  a new 
class  of  potential  antitumor  and  antiviral  drugs.  The  synthetic 
goal  was  accomplished  and  physical  methods  showed  that  all  of 
these  compounds  exhibited  a dramatic  induced  circular  dichroism  in 
the  presence  of  DNA  and  also  increased  the  relative  intrinsic 
viscosity  of  a DNA  solution. 

The  binding  affinities  of  naphthyl  diimides  varied  as  the 
size  of  the  substituent  group  on  the  carbon  adjacent  to  the  ring 
changed  but  in  general  were  higher  than  those  of  imides.  A 
systematic  study  of  unwinding  angles  was  performed.  They  were 
found  to  vary  from  10.8°  to  4.3°  for  imides  and  from  14.7°  to 
4.3  for  diimides.  It  was  suggested  that  the  unwinding  angle 
relates  to  the  amount  of  interaction  of  the  ring  system  of  the 


IX 


intercalates  with  the  two  adjacent  base  pairs.  It  is  interesting 

to  note  that  4.3°  is  the  lowest  unwinding  angle  that  has  been 
reported  to  date. 

Kinetic  studies  were  also  performed  on  these  compounds. 

The  association  and  dissociation  processes  of  diimides  were 
found  to  be  first  order  with  respect  to  the  concentration  of 
DNA  and  diimides,  their  rate  constants  varying  as  the  size  of 
the  side  chain  changed.  The  dissociation  of  some  diimides  from 
the  complex  formed  with  DNA  was  found  to  have  an  activation 

ion,  they  also  exhibited 

comparable  enthalpies  of  activation  even  though  the  dissociation 
rate  constants  varied  by  a factor  of  ten.  This  difference  was 
attributed  to  differences  in  entropies  of  activation.  It  was 
suggested  that  the  reorientation  of  the  diimides  in  the  complex 
during  the  dissociation  process  is  critical  in  this  regard. 
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CHAPTER  1 
INTRODUCTION 


In  this  work  a series  of  novel  probes  for  elucidating 
the  mechanism  of  action  of  intercalating  drugs  has  been 
designed  and  synthesized.  An  investigation  of  the  interaction 
of  the  probes  with  DNA  from  a physical  point  of  view  has  also 
been  pursued. 

Intercalating  drugs  usually  contain  a planar  aromatic 
ring  system  which  is  known  to  insert  between  two  adjacent  base 
pairs  of  DNA.  By  this  process,  they  can  then  inhibit  the 
DNA  and/or  RNA  polymerase  reactions  and  show  very  significant 
biological  activity.  Some  of  these  drugs  have  actually  been 
clinically  used  in  antitumor  and  antimalarial  treatment.  The 
structures  of  some  typical  intercalators  are  shown  in  Fig.  1-1. 


Intercalating  Drugs 

The  acridines  such  as  proflavine  and  quinacrine  are  well 
known  antibacterial  agents  which  were  used  against  infections 
of  the  malaria  parasite  during  World  War  II  (Steck,  1972). 
Their  activities  are  reported  to  involve  the  inhibition  of 
DNA  and  RNA  synthesis  (Albert,  1970).  Ethidium  bromide  is 
the  most  active  member  of  the  phenanthridine  trypanocide 
series  and  is  also  active  against  certain  bacteria  (Newton, 
1957).  Its  action  in  vivo  is  attributed  to  its  interference 
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Figure  1-1:  Structure  of  Some  Common  Intercalating  Drugs 
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with  the  structure  and  function  of  DNA  and  the  inhibition 
of  DNA  and  RNA  synthesis  (Newton,  1957). 

The  interaction  of  actinomycin  and  its  derivatives  with  NDA 
is  known  to  be  responsible  for  their  antibiotic  and  antitumor 
activity  (Meienhofer  and  Atherton,  1977;  Remers,  1979).  It 
has  been  found  that  these  drugs  accumulate  selectively  in  cell 
nuclei  where  they  are  bound  to  DNA  and  that  this  binding  leads 
to  inhibition  of  RNA  and  protein  synthesis. 

The  anthracycl ines , such  as  adriamycin  and  daunorubicin , 
are  the  most  promising  antitumor  drugs  and  have  been  clinically 
used  in  the  treatment  of  acute  leukemia  and  solid  tumors  in 
man  (Tasaka  et  al.,  1967;  Biron  et  al.,  1969).  It  is  found 
that  anthracycl ine  penetrates  cells  and  locates  in  the  nucleus 
where  the  morphology  of  chromatin  is  significantly  changed 
and  biochemical  reactions  are  inhibited  (DiMarco  and  Arcamone, 
1975;  Arcamone,  1978;  Remers,  1979).  In  general,  the  accepted 
mechanism  of  the  antineoplastic  effect  of  the  anthracyclines 
at  the  cellular  level  is  one  in  which  the  drugs  bind  to  DNA 
by  intercalation  between  base  pairs  and  inhibit  the  DNA  and/or 
RNA  synthesis. 

DNA  Structural  Features 

Since  DNA  has  been  implicated  as  being  the  bio-receptor 
for  intercalating  drugs,  it  is  important  to  briefly  discuss 
the  nature  of  DNA  before  understanding  the  mechanism  of  action 
of  the  drugs. 

In  1953,  James  Watson  and  Francis  Crick  described  DNA 
(B  form)  as  a double  helix  having  two  antiparallel  polynucleotide 
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chains  (Watson  and  Crick,  1953).  The  most  significant  features 
of  the  proposed  structure  of  DNA  are  shown  in  Fig.  1-2.  DNA 
is  partially  composed  of  four  aromatic  heterocyclic  bases: 
adenine  (A) , guanine  (G) , thymine  (T)  and  cytosine  (C) . These 
four  bases  are  linked  together  by  g-glyclosidic  linkage  to 
the  C-l’  carbon  of  the  deoxyribose  sugar  to  yield  four  nucleo- 
sides. The  two  free  hydroxy  groups  on  the  deoxyribose  sugar 
are  esterified  with  phosphoric  acid  to  yield  nucleotides.  These 
nucleotides  are  connected  together  to  form  a sequence  of  suc- 
cessive nucleotides  joined  through  phosphodiester  bonds  at  both 
the  C-3'  and  C-5'  hydroxy  groups  of  the  deoxyribose.  The 
hydrogen  bonded  base  pairs  from  a plane  which  is  3 . 4A  in  thick- 
ness. Each  base  pair  is  stacked  approximately  36°  relative  to 
the  base  pair  immediately  below  it.  The  double  helix  makes  a 

O 

complete  turn  every  34A  and  each  turn  contains  ten  base  pairs. 
The  phosphate  groups  on  the  backbone  make  DNA  highly  negatively 
charged  and  allow  it  to  interact  with  molecules  containing  posi- 
tive charges.  The  sugar-phosphate  chains  as  shown  in  Fig.  1-2 
are  separated  by  about  120°  which  creates  the  alternating  major 
and  minor  grooves  along  the  axis  of  the  double  helix. 

Development  of  the  Intercalation  Models 
Even  though  the  biological  activity  of  these  types  of 
drugs  was  known  many  years  before  the  Watson-Crick  (1953)  model 
was  proposed,  no  studies  were  attempted  to  quantitatively 
analyze  this  type  of  interaction  until  Peacocke  and  Skerrett 
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(A)  CD) 


Figure  1-2:  Schematic  Representations  of  the  Hydrated  "B"  Form 

of  the  DMA  Molecule.  (A)  depicts  a side  view  of  a 
segment  of  the  double  helix  which  is  composed  of 
two  helically  wound  ribbons  connected  by  dark  lines 
(base  pairs)  to  the  deoxyribose  phosphate  backbone. 
(B)  and  (C)  represent  GC  and  AT  base  pairs  res- 
pectively. (D)  represents  a distorted  (flattened) 
view  of  a DMA  segment. 
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(1956).  These  workers  studied  the  interaction  of  proflavine 
with  DNA  using  equilibrium  dialysis  and  spectrophotometric 
methods.  Ihe  results  were  plotted  and  analyzed  according  to 
the  Scatchard  equation  (Scatchard,  1949).  The  deviation  from 
the  expected  linear  plot  was  explained  by  the  existence  of 
two  indepandent  types  of  binding  for  proflavine  with  DNA. 

Ihe  first  type  of  binding  had  a larger  binding  constant  than 
the  second  and  showed  saturation  at  every  four  to  five  DNA 
nucleotides  per  proflavine  molecule.  Therefore,  they  suggested 
that  the  first  type  of  binding  was  strong  due  to  the  inter- 
action of  proflavine  molecules  with  DNA  base  pairs  in  the 
grooves  of  the  double  helix.  The  second,  weak  type  of  binding, 
was  related  to  the  electrostatic  interaction  between  the 
positive  charge  on  proflavine  and  the  negatively  charged  DNA 
backbone.  This  was  based  on  comparison  of  the  results  of  the 
interaction  of  similar  aromatic  cations  with  polyanions 
(Bardley  and  Wolf,  1959).  The  electrostatic  interaction  was 
found  to  decrease  dramatically  as  the  ionic  strength  increased 
and  to  be  unimportant  at  physiological  conditions.  This  indi- 
cates that  the  first  type  of  binding  accounts  for  the  biological 
effects  of  proflavine  and  similar  compounds.  Lerman  (1961,  1963, 
1964a,  1964b)  was  the  first  to  explicitly  describe  the  inter- 
calation model.  He  studied  the  X-ray  diffraction  pattern  of 

O 

the  DNA-proi 1 avine  complex  and  found  that  it  retains  3.4A 
meridional  spots  while  losing  the  standard  layer-line  pattern 
of  B-form  DNA  and  no  new  spots  were  found.  At  the  same  time, 
Lerman  found  that  in  a DNA  solution  the  viscosity  increased  and 
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the  sedimentation  coefficient  decreased  when  it  associated 
through  binding  to  proflavine.  In  1961,  he  accounted  for  the 
results  from  these  experiments  by  suggesting  that  when  acridine 
derivatives  bind  to  the  DNA  double  helix,  they  cause  the  base 


pairs  to  move  apart  3.4A  to  accommodate  the  acridine  molecule 
which  then  lies  in  van  der  Waals  contact  with  the  base  pairs 
above  and  below,  the  base  pairs  still  remaining  perpendicular 
to  the  helical  axis.  He  also  suggested  that  the  double  helix 
has  to  unwind  locally  to  admit  the  acridine  molecule.  The 
regular  repeating  nature  of  the  phosphates  in  the  double  helix, 
therefore,  is  lost. 

Several  groups  have  centered  their  efforts  on  studying 
the  length  increase  of  the  double  helix  resulting  from  inter- 
calation. Cohen  and  Eisenberg  (1969)  using  sonicated  DNA 
obtained  good  agreement  between  the  observed  viscosity  increase 
and  that  expected  for  the  intercalation  of  proflavine.  For  a 
short  DNA  molecule  near  or  less  than  the  persistence  length  of 
DNA  in  solution,  the  change  in  the  tertiary  structure  of  the 
double  helical  DNA  could  be  minimized.  Assuming  a rod-like 
behavior  for  these  short  DNA  segments,  Eisenberg  and  coworkers 
characterized  the  hydrodynamic  properties  of  DNA  and  its  com- 
plexes with  intercalators  (Cohen  and  Eisenberg,  1969;  Voordouw 
et  al . , 1978;  Godfrey  and  Eisenberg,  1976)  and  derived  the 
following  equation  to  relate  the  length  increase  of  the  double 
helix  upon  intercation  to  the  experimentally  measured  viscosity 
enhancement : 
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where  the  subscripts  m and  r refer  to  the  value  for  uncomplexed 

and  complexed  DNA  respectively.  L is  the  contour  length  of 

DNA,  [n]  is  the  intrinsic  viscosity  and  f(P)  is  a function  of 

the  axial  ratio  of  the  DNA  molecule.  The  functions  f(P)  and 

m 

f(P)  are  fairly  insensitive  to  P at  high  axial  ratios  and  are 
frequently  assumed  to  cancel.  This  leads  one  to  conclude  that 
the  major  reason  for  the  increased  viscosity  of  the  DNA  complex 
is  the  lengthening  of  the  helix. 

Nearest  Neighbor  Exclusion  Binding  Model 
Bond  et  al . (1975)  obtained  DNA  fiber  diffraction  patterns 

with  platinum  containing  intercalators  at  near  saturation  levels 

O 

of  intercalator  to  DNA  and  found  the  standard  3.4A  reflection 
and  an  additional  meridional  line  at  a position  corresponding 

O 

to  a spacing  along  the  helix  long  axis  of  10. 2A.  This  means 
that  a metallointercalator  is  found  at  every  other  base  pair. 
Scatchard  type  analyses  of  binding  studies  showed  that  the 
two  base  pairs  per  intercalator  is  the  maximum  intercalation. 
This  is  the  so  called  "neighbor  exclusion  binding"  principle 
and  was  quantitatively  analyzed  initially  by  Crothers  (1968), 
Bauer  and  Vinograd  (1970),  Bloomfield  et  al . (1974).  In  this 
model,  each  base  pair  of  DNA  is  independently  a potential 
binding  site  but  when  an  intercalator  is  bound,  the  nearest 
neighboring  binding  site  is  unable  to  bind  another  intercalator. 
therefore,  at  saturation,  there  will  be  only  one  intercalator 
bound  per  two  base  pairs.  This  phenomenon  is  schematically 
illustrated  in  Fig.  1-3.  Sobell  and  coworkers  (1977  and  1978) 
studied  the  X-ray  analysis  of  crystals  of  intercalators  with 
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dinucleotides  and  concluded  that  the  exclusion  of  ligands  bind- 
ing  at  a neighboring  site  is  due  to  an  induced  perturbation  of 
the  DNA  conformation  at  that  site.  However,  for  certain  mole- 
cules, such  as  actinomycin,  the  steric  hindrance  of  the  inter- 
calator  physically  blocks  three  potential  binding  sites.  This 
could  also  possibly  explain  the  neighbor  exclusion  binding. 
Furthermore,  Wilson  and  Lopp  (1979)  have  pointed  out  that  for  di- 
cationic_  intercalating  drugs  such  as  quinacrine,  the  electro- 
static repulsion  of  the  bound  dications  should  also  be  considered 
in  the  binding  analysis. 

A recent  study  with  synthetic  bisintercalating  molecules 
(Wakelin  et  al.,  1976,  1978;  Canellakis  and  Waring,  1978;  Gaugain 
et  al.,  1978a,  b;  Lown  et  al.,  1978)  has  suggested  that  the  re- 
straints which  lead  to  neighbor  exclusion  binding  may  be  relaxed 
in  some  cases.  Bisintercalators  consist  of  two  aromatic  fused 
rings  covalently  linked  by  a variable  length  chain.  For  bisin- 
tercalators with  short  linking  chains,  only  one  of  the  ring  sys- 
tmes  is  allowed  to  intercalate.  If  the  chain  is  long  enough  to 
allow  intercalation  at  every  other  base  pair,  both  rings  inter- 
calate in  agreement  with  the  neighbor  exclusion  model.  However, 
molecules  with  a chain  length  just  long  enough  to  allow  intercal- 
ation at  adjacent  sites  seem  to  be  able  to  bind  with  both  rings 
intercalated  in  the  case  where  the  chain  is  uncharged.  This  has 
raised  questions  about  the  statement  that  the  neighbor  exclusion 
binding  is  due  to  a conformational  change  as  suggested  by  Sobell 
et  al.  (1977)  or  based  on  a thermodynamic  basis  (Gaugain  et  al. , 
1978a,  b)  which  could  be  violated  by  very  strongly  binding 
molecules  such  as  bisintercalators  (Wakelin  et  al.,  1978). 


Unwinding  Angle 

As  previously  indicated,  in  the  B form  of  DNA  each  base 
pair  is  rotated  36°  with  respect  to  the  base  pair  immediately 
below  it  (Arnott  and  Hukins,  1973].  Neighboring  base  pairs 
are  locally  unwound  and  separated  to  create  a space  for  the 
insertion  of  an  intercalator . The  amount  of  rotation  of  base 
pairs  from  the  native  position  is  defined  as  the  intercalation 
unwinding  angle.  Without  any  doubt,  the  unwinding  angle  is  a 
very  important  parameter  describing  intercalation.  As  yet,  very 
feiv  intercalator  systems  have  been  studied  and  some  of  those 
results  reported  have  generated  controversy. 

Originally,  Lerman  (1961)  proposed  a 45°  unwinding  angle 
for  ethidium  bromide,  i.e.,  a net  reversed  or  left-handed 
rotation  of  9°.  Subsequently  he  revised  this  estimate  and 
reported  the  angle  as  36°  (Lerman,  1964a)  which  means  that  the 
affected  base  pairs  are  exactly  parallel  on  either  side  of  the 
intercalated  drug.  Based  on  the  experiments  and  model  building 
with  ethidium  bromide,  Fuller  and  Waring  (1964)  concluded  that 
the  unwinding  angle  is  12°  . They  also  proposed  that  this  is  the 
lowest  unwinding  angle  possible  to  allow  intercalation  of  an 
aromatic  ring  system,  because  it  allows  the  maximum  separation 
of  anionic  phosphate  groups  and  optimum  interaction  of  the 
ethidium  molecule  with  the  double  helix.  This  unwinding 
angle  value  was  later  shown  to  be  incorrect  but  was  used  as 
a standard  until  1972  (Waring,  1972). 

The  discovery  of  closed  circular  superhelical  DNA  (CCS- 
DNA)  has  made  possible  the  quantitative  determination  of  the 
unwinding  angles  and  removed  much  of  the  controversy  concerning 
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these  values.  CCS-DNA  consists  basically  of  a head  to  tail 
covalently- linked  DNA  double  helix  coiled  in  a right-handed 
fashion,,  As  shown  at  the  top  of  Fig.  1-4,  when  a molecule 
interacts  with  the  base  pairs  of  DNA,  the  double  helix  is  un- 
wound and  the  initial  right-handed  superhelical  turns  are 
removed  until  the  strands  no  longer  have  a superhelical  structure. 
The  free  energy  decrease  from  the  superhelix  uncoiling  is 
added  to  the  free  energy  of  drug  binding.  If  more  molecules 
are  intercalated,  the  superhelix  is  forced  to  rewind  to  form 
a left-handed  superhelical  structure  and  part  of  the  free 
energy  released  form  the  formation  of  the  intercalator- DNA 
complex  is  expended  to  compensate  for  the  free  energy  associated 
with  the  reversed  supercoil  formation.  The  bottom  part  of 
Fig.  1-4  shows  the  viscosity  change  of  the  CCS-DNA  solution. 

1 lie  maximum  viscosity  in  the  titration  corresponds  to  CCS-DNA 
without  any  superhelical  turns.  Theoretically,  knowing  the 
initial  number  of  superhelical  turns  and  experimentally  deter- 
mining the  amount  of  bound  drug  required  to  completely  remove 
these  turns,  the  unwinding  angle  of  the  compound  could  be 
calculated  (Crawford  and  Waring,  1967). 

Several  methods  have  been  developed  to  determine  the  number 
of  supercoil  turns  in  CCS-DNA  (Bauer,  1978;  Wang,  1974;  Pulley- 
blank  and  Morgan,  1975),  but  the  determination  of  the  amount 
of  drug  needed  to  completely  unwind  CCS-DNA  is  very  difficult 
because  it  involves  the  free  energy  change  of  the  supercoils. 
Vinograd  and  coworkers  (Revet  et  al.  1971,  Bauer  and  Vinograd, 
1974)  have  developed  an  experimental  technique  which  employs 
ethidium  bromide's  unwinding  angle  as  a standard  to  measure 


INCREASING  RELATIVE  VISCOSITY 


13 


INCREASING  DRUG  CONCENTRATION 


Figure  1-4:  Schematic  Representation  of  the  Unwinding  Process  of 

CCS-DNA.  The  top  of  the  figure  shows  how  CCS-DNA 
unwinds  from  a right-handed  supercoil  to  totally 
unwound  and  then  to  a left-handed  supercoil.  The 
bottom  part  of  the  figure  represents  the  relative 
viscosity  change  for  this  phenomenon.  The  relative 
viscosity  increases  as  the  supercoil  unwinds  and  reaches 
a maximum  and  then  decreases  as  the  left-handed  super- 
coil is  formed. 
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those  of  other  compounds.  Since  CCS-DNA  contains  a constant 
number  of  supercoil  turns,  at  the  point  where  all  the  super- 
coils are  totally  removed,  the  amount  of  intercalator  bound 
per  base  pair  (molar  binding  ratio),  v,  should  be  constant,  i.e., 


where  is  the  molar  concentration  of  hound  intercalator  and 
Nj.  is  the  total  DNA  concentration  expressed  as  base  pairs.  In 
solution,  the  total  amount  of  intercalator  is  equal  to  the  sum 
of  free  and  bound  intercalator. 

At  the  viscosity  maximum  in  the  titration,  for  a titration 
of  CCS-DNA  with  intercalator,  the  intercalator  molecules  are 
either  present  in  the  solution  or  bound  to  DNA.  This  leads  to 
equation  1-3,  where  C^.  and  C^  are  the  molar  concentrations  of 
total  and  free  intercalator.  Combining  equations  1-2  and  1-3 

Ct  = Cb  + Cf  1-3 

leads  to  the  following  relationship  where  C^  and  N^  are  experi- 
mentally measurable  at  the  viscosity  maximum  in  the  titration 

Ct  = Nt  + Cf  1-4 

of  CCS-DNA  with  intercalator.  The  slope  of  a plot  of  Cf  versus 
Nt  yields  v and  the  intercept  N^_  = 0 is  the  molar  concentration 
of  free  intercalator  at  the  maximum  viscosity.  The  value  of 
vis  related  to  the  unwinding  angle  by  the  following  equation: 


v 
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V 

u 


1, 


1-5 


15 


where  v?  and  are  the  binding  ratios  for  the  supercoil  fully 
unwound  for  standard  and  unknown  intercala tors  respectively, 
and  <J>s  and  <f>u  are  the  unwinding  angles  for  standard  and  unknown 
compounds . 

The  26°  unwinding  angle  for  ethidium  bromide  resulting 
from  different  determinations  with  CCS-DNA  has  now  replaced 
Waring' s earlier  12°  value  as  the  standard  for  intercalation 
unwinding  angles  (Wang,  1974;  Pul leyb lank  and  Morgan,  1975; 

Bauer  and  Vinograd,  1974). 

Only  very  few  molecules  have  had  their  unwinding  angles 
determined  until  now.  Ethidium  bromide  and  some  related 
phenanthridines  have  been  studied  (Wakelin  and  Waring,  1974). 
Ethidium  bromide  has  the  largest  value  (26°)  found  to  date 
for  any  intercalator  with  one  intercalating  moiety.  Jones 
et  al.  (1980)  recently  studied  the  unwinding  angles  of  acridine 
derivatives  and  found  the  unwinding  angles  to  lie  between  17° 
and  20  . The  anthracycl ine  compounds  such  as  daunorubicin  and 
adriamycin  have  been  reported  to  have  between  10°  and  12°  by 
using  the  ethidium  bromide  (26°)  as  standard  (Waring,  1971). 

It  is  interesting  to  note  that  different  classes  of  com- 
pounds may  have  intrinsic  unwinding  angles  which  might  be 
characteristic  of  their  structures.  There  are  several  questions 
concerning  the  unwinding  angles  of  intercalation  that  remain 
unanswered,  such  as  (1)  How  does  the  structure  and  the  number 
of  fused  rings  in  the  intercalator  affect  the  unwinding  angle? 

(2)  for  the  same  type  of  fused  ring  system,  how  do  substituent 
groups  affect  this  value?  (3)  What  is  the  relationship  between 
unwinding  angle  and  biological  activity?  (4)  Is  there  a maximum 
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and  minimum  unwinding  angle  value  for  the  intercalator-DNA 
complexes?  These  are  essential  questions  that  need  to  be 
answered  in  order  to  better  understand  the  intercalation  between 
drug  and  DNA  and  also  to  achieve  a more  rational  approach  in 
future  drug  design. 

Orientation  in  the  Intercalator-DNA  Complex 
A knowledge  of  the  orientation  of  the  aromatic  ring  of 
the  intercalator  as  it  interacts  with  DNA  is  essential  in  order 
to  understand  its  behavior  as  it  forms  the  drug-DNA  complex. 
Unfortunately,  the  reliability  of  the  methods  which  have  been 
used  up  to  now  to  study  this  system  is  still  debatable. 

Lerman  (1964a)  used  flow  dichroism  and  flow  polarized 
fluorescence  with  heterogeneous  molecular  weight  DNA  to  probe 
the  intercalation  model  and  found  that  the  acridine  plane  is 
approximately  perpendicular  to  the  helical  axis.  The  electric 
dichroism  method  was  applied  in  this  type  of  study,  but  the 
incomplete  orientation  of  the  DNA  rod,  and  the  uncertainty  of 
the  orientation  mechanism  in  the  electric  dichroism  field 
result  in  limitations  for  this  technique. 

Crothers  and  coworkers  (Crothers  et  al.,  1978;  Dattagupta 
et  al.,  1978;  Hogan  et  al.,  1978)  applied  electric  dichroism 
techniques  to  the  study  of  intercalating  drugs.  The  results 
which  are  somewhat  controversial  indicate  that  the  orientation 
of  the  intercalator  is  not  perpendicular  to  the  helical  axis 
predicated  by  Herman's  intercalating  model. 

Most  of  the  intercalator s studied  to  date  are  geometrically 
unsymmetr ical , especially  those  with  bulky  groups  significantly 
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protruding  into  the  major  or  minor  grooves  of  drug-DNA  complex. 

In  order  to  understand  the  nature  of  the  structural  aspects  of 
the  DNA- intercalator  complexes,  it  is  important  to  determine 
in  which  groove  they  reside.  Unfortunately  again,  the  methods 
used  for  determining  major  versus  minor  groove  binding  are 
quite  limited  and  even  those  available  are  not  widely  applied. 

A method  commonly  used  involves  the  use  of  synthetic  or  natural 
DNA  containing  a bulky  group  covalently  attached  to  the  nucleic 
acid  bases.  For  example,  5-bromo-cytidine  is  one  of  the 
nucleotides  usually  employed  to  synthesize  a DNA  with  bromo 
groups  at  the  major  groove  (Lehman  and  Pratt,  1960).  T4  DNA 
is  a naturally  occurring  DNA  with  glucose  residues  covalently 
linked  to  the  hydroxy  group  of  5-hydroxymethyl-cytosine  (Lehman 
and  Pratt , 1960) . 

If  there  is  no  significant  difference  in  the  binding 
affinity  of  the  intercalator  to  the  unmodified  DNA,  as  compared 
to  the  DNA  in  which  the  major  groove  is  blocked,  then  it  is 
assumed  that  the  intercalator  binds  in  the  unblocked  minor 
groove.  Otherwise,  since  the  bulky  substituents  in  the  major 
groove  are  expected  to  perturb  the  binding  at  that  site,  it 
is  assumed  that  the  intercalators  bind  at  the  major  groove 
(Waring,  1972;  Wartell  et  al.,  1974).  It  should  be  noted 
that  this  method  may  have  some  limitations.  For  example,  the 
sensitivity  of  T4  to  the  size  limitations  of  the  intercalator 
side  chain  is  being  challenged  (Wilson,  unpusblished  experiments) . 

Current  methods  for  evaluating  major  versus  minor  groove 
binding  have  not  been  applied  thoroughly  to  small  intercalating 
molecules  except  for  the  anthracyclines . The  results  from 
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Henry's  (1976)  study  showed  that  daunorubicin  exhibited  a 
much  more  favorable  interaction  in  the  major  groove.  On 
the  other  hand,  Patel  and  Canuel  (1978)  found  that  anthracycl ines 
showed  no  preference  with  synthetic  polydeoxynucleot ides  with 
and  without  5-iodo  or  5-bromo  groups. 

To  evaluate  questions  such  as  the  possibility  of  a major 
versus  minor  binding  as  well  as  other  important  structural 
aspects  of  DNA- intercalator  complexes,  cither  a more  precise 
method  or  better  probes  are  obviously  necessary.  Fortunately, 
a compound  designed  by  Gabbay  et  al.  (1973a)  offers  an  excellent 
opportunity  to  study  this  aspect.  This  compound,  N,N'-Bis[2- 
benzyldimethylammoniumethyl] - 1 , 4 , S , 8 -naphthalenetetracarboxyl ic 
1 , 8 : 4 , 5 - di imi de  dichloride,  shown  in  Fig.  1-6,  because  of  its 
novel  design,  should  have  one  of  its  two  identical  side  chains 
lying  in  the  major  while  the  other  lies  in  the  minor  groove. 

This  factor  would  greatly  simplify  the  nature  of  the  complex 
formed.  This  approach  to  study  DNA- intercalator  interactions 
will  be  applied  in  this  dissertation. 

Kinetics 

The  kinetic  interactions  of  int ercal ators  with  DNA  have 
been  much  less  studied  than  the  thermodynamic  aspects  of  such 
processes.  The  major  reason  for  this  is  that,  for  most  inter- 
calates, the  reation  with  DNA  is  too  fast  to  be  measured  by 
common  rapid  kinetic  techniques  (Crothers,  1968;  Bloomfield 
et  al. , 1974) . 

The  temperature - j ump  technique  is  one  of  the  methods  that 
has  been  applied  to  the  study  of  intercalators  and  DNA  interactions. 
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The  orientation  of  DNA  in  the  electric  field  applied  to 
produce  the  temperature- jump  (Dour  lent  and  Hogrel,  1976) 
causes  some  essential  errors,  thus  this  technique  will  not 
be  further  discussed  in  this  dissertation.  The  stopped-flow 
technique  is  the  other  method  usually  employed,  but  it  is  not 
fast  enough  to  allow  experimental  analysis  of  intercalation 
association  reactions  in  general. 

Actinomycins  are  the  compounds  on  which  most  of  the 
i esearch  efforts  have  been  centered  because  of  their  slow 
association  and  dissociation  with  DNA.  Unfortunately,  these 
processes  are  rather  complicated.  Muller  and  Crothers  (1968) 
characterized  a five  step  process  for  the  association  and  a 
three  step  process  for  the  dissociation  of  actinomycin  with 
DNA.  They  attributed  this  multistep  behavior  to  sequential 
conformational  changes  in  the  peptide  groups  of  actinomycin 
which  are  coupled  to  binding  of  the  peptide  to  DNA.  However, 

1 i om  studying  the  dissociation  of  actinomycin  from  synthetic 
double  strain  polynucleotide,  Krugh  and  coworkers  (Hook  et  al., 
1979;  Krugh  et  al.,  1979)  obtained  a single-exponential  decay 
curve  and  therefore  concluded  that  the  multiple  dissociation 
time  constants  obtained  by  Muller  and  Crothers  (1968)  were 
likely  due  to  the  binding  site  heterogeneity  in  DNA  instead  of 
due  to  conformational  changes  of  actinomycin.  Recently,  Shafer 
et  al.  (1980)  studied  the  dissociation  of  several  actinomycin 
derivatives  from  DNA  and  concluded  that  the  size  of  the  ring  at 
the  proline  position  of  the  peptide  ring  is  critically  important 
for  the  slow  dissociation  rate  of  actinomycin  from  DNA,  which 
agreed  with  Muller  and  Crothers'  (1968)  results. 


Sakoda  and  coworkers  (1971)  investigated  the  interaction 
between  acridine  orange  and  DNA  by  the  stopped-flow  method  and 
found  that  the  reaction  proceeded  in  two  steps.  They  proposed 
that  the  fast  step  (half  life  within  the  dead  time  of  stopped- 
flow  apparatus)  was  the  binding  of  acridine  orange  to  the  outside 
of  DNA  and  that  the  slow  step  involved  the  process  of  inter- 
calation . 

Gabbay  et  al.  (1976)  studied  the  dissociation  of  DNA  com- 
plexed  with  various  derivatives  of  daunoruhici n . The  results 
showed  that  a first  order  process  was  occurring.  The  half-life 
for  adriamycin  and  daunomycin  in  these  experiments  was  found  to 
be  around  1 second  in  0.2  M Na+  buffer  and  varied  as  the  con- 
centration of  Na+  changed. 

An  understanding  of  the  relationship  between  the  biological 
activity  of  intercalat ors  and  their  thermodynamic  and  kinetic 
aspects  is  very  important  for  effective  drug  design,  but 
sufficient  information  on  this  topic  lias  not  yet  been  obtained. 

Muller  and  Crothers  (1968)  studied  the  kinetics  of  a 
variety  of  actinomycins  and  found  that  simple  actimonycin  analogs 
such  as  actinomine  have  an  equilibrium  binding  isotherm 
to  DNA  nearly  undist inguishable  from  that  of  actinomycin  D,  but 
lack  the  biological  activity  of  actinomycin  D.  The  kinetics 
of  association  of  actinomycin  with  DNA  are  several  orders  of 
magnitude  slower  in  the  time  scale  than  for  the  corresponding 
reactions  with  actinomine.  In  addition,  the  dissociation 
reaction  of  the  DNA-drug  complex  is  much  slower  for  actinomycin 
than  for  actinomine.  Even  though  these  authors  proposed  that 
these  phenomena  are  crucial  for  biological  activity  in  the  case 
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of  actinomycin.  It  should  he  pointed  out  that  the  loss  of 
activity  of  actinomine  could  also  be  related  to  other  factors, 
the  change  in  metabolic  degradation  of  the  molecules  or  mem- 
brane permeability  (Wilson  and  Jones,  1981),  for  instance,  be- 
cause actinomine  is  a dication  and  actinomycin  is  neutral. 

Wilson  and  Jones  (1981)  very  recently  reviewed  all  the 
inter cal at or s that  have  been  studied  and  reported: 

Actinomycin  is  a striking  example  of  an  active 
drug  with  slow  and  complex  association  and  dissociation 
reactions  with  DNA , but  the  importance  of  these  slow 
reactions  is  not  clear  at  present.  For  most  inter- 
calating drugs,  slow  dissociation  is  not  a necessary 
condition  for  activity.  . . . Synthesis  of  additional 
drugs  which  dissociate  slowly  from  DNA  would  help 
resolve  these  questions,  (unpaged) 

To  design  and  synthesize  intercaltors  showing  slow  dissociation 

I r om  DNA  is  part  of  the  goal  of  this  work  and  will  be  discussed 

iii  a later  section. 

Dynamic  Structure  of  the  DNA  Helix 
Under  physiological  conditions,  DNA  exists  as  a hydrogen 
bonded  double  helix  as  discussed  previously  in  this  chapter. 
However,  this  particular  conformation  has  limited  stability 
and  is  subject  to  continuous  thermally  induced  local  fluctua- 
tions and  distortions.  Some  of  these  transient  conformations 
may  lead  to  important  biological  processes  such  as  the  inter- 
action of  intercalating  drugs  and  even  to  the  recognition  of 
specific  base  sequences  by  enzymes  during  DNA  synthesis. 

From  the  results  obtained  in  a tritium-hydrogen  exchange 
experiment  with  DNA  (Printz  and  von  Hippel,  1965;  Englander 
and  Englander,  1965;  McConnel  and  von  Hippel,  1968)  proposed 
a breathing"  model  for  DNA.  In  order  to  explain  this  model, 
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they  suggested  several  types  of  transient  distortions:  (1) 

unstacking  of  adjacent  base  pairs  without  hydrogen-bond  breakage, 
(2)  hydrogen-bond  breakage  without  unstacking,  (3)  a local  melt- 
ing which  involves  hydrogen  bond  breakage  and  unstacking  accom- 
panied by  partial  chain  separation,  (4)  a local  melting  accom- 
panied by  complete  chain  separation.  The  breathing  model  was 
further  supported  by  the  results  of  studying  the  interaction  of 
formaldehyde  with  native  and  denatured  DNA.  Haselkorn  and  Doty 
found  that  the  activation  energy  of  the  reaction  of  native  DNA 
with  formaldehyde  was  much  higher  than  that  of  denatured  single 
stranded  DNA  (Haselkorn  and  Doty,  1961).  Von  Hippel  and  coworkers 
(von  Hippel  and  Wong,  1971;  McGhee  and  von  Hippel,  1975a,  b) 
characterized  in  detail  the  chemical  reactions  of  formaldehyde 
with  monomeric  components  of  nucleic  acids  as  well  as  with  native 
and  denatured  DNAs  and  suggested  that  the  bases  had  to  unstack 
briefly  in  order  to  react.  Recently,  Kallenbach  and  coworkers 
(Kal lenbach  et  al.,  1979;  Mandal  et  al.,  1979)  applied  the  stopped- 
flow  technique  to  study  the  double  helix  and  confirmed  the 
breathing  model.  They  also  pointed  out  that  for  poly(A)  -poly(U) 
a simple  opening  involves  the  swinging  out  of  an  uracil  moiety 
but  retaining  an  adenine  moiety  still  more  or  less  stacked  with- 
in the  helix.  Moreover,  the  internal  base  pair  opening  and 
closing  was  found  to  be  innately  slow. 

Gabbay  and  coworkers  (Gabbay  et  al.,  1973a)  compared  the 
interaction  of  N-[ 2 -dimethyl- (N1 - trimethyl ammoniumethyl) -ammoni- 
umethyl] - 1 , 8-naphthalenedicarboxylic  imide  dibromide  and  N ,N ' - 
bis  2 -benzy Id ime thy 1 ammoniumethyl  - 1 , 4 , 5 , 8 -naphthalenetetracar- 
boxylic  1,8:4, 5 diimide  dichloride  with  DNA  and  found  that  the 
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interaction  of  the  former  is  much  faster  than  the  latter. 

Based  on  its  structural  features,  they  concluded  that  the 
significant  difference  in  the  dissociation  rates  was  due  to 
the  local  "breathing"  of  DNA,  which  was  essential  for  the  diimide 
during  the  dissociation  process  but  not  for  the  imide.  It  should 
be  noted  that  from  CPK  space-filling  models,  it  has  been  observed 
that  when  the  DNA  is  locally  unwound  and  the  base  pairs  are 
fully  separated,  the  intercalation  of  this  naphthyl  diimide  does 
not  require  the  hydrogen  bond  breakage. 

Statement  of  Problem 

Goal  of  Research 

The  main  goals  of  this  work  are  (A)  to  design  and  synthe- 
size naphthyl  imides  and  diimides  which  represent  a new  class 
of  potential  antitumor  and  antiviral  drugs,  (B)  to  study  the 
nature  of  binding,  the  corresponding  unwinding  angle  and  the 
orientation  of  the  intercalator  in  the  DNA- intercalator  complex 
and  (C)  to  use  these  molecules  as  novel  probes  for  the  dynamic 
structure  of  DNA.  Although  there  are  still  quite  a few  questions 
concerning  intercalation  that  urgently  need  to  be  answered,  the 
naphthyl  imides  and  diimides  designed  in  this  dissertation  are 
unique  and  may  help  answer  some  of  these  questions. 

Strategy  of  Design 

For  the  purpose  mentioned  above,  reporter  molecules  1-13 
shown  in  Fig.  1-5  were  designed.  In  general,  these  reporters 
are  classified  into  two  major  categories,  one  is  the  naphthyl 
imides  (1_- 5)  , the  other  is  the  naphthyl  diimides  (6-13).  Based 
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Figure  1-5:  Structures  of  Reporter  Molecules 
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r = -(ch2)2mi(ch3)2ch2c6h5ci" 

N,N' -Eis [ 2 -benzy Idimethy lammoniumethyl ] - 
1,4,5, 8-naphthalenetetracarboxylic  1 , 8 : 4 , 5 
diimide  dichloride 


R = -(CH2)2N(CH3)2(CH2)3N(GH3)3.2Br" 

+ + 

N-  [2-Dimethyl-  (N* -trimethylammoniumethyl)  - 
arnmoniumethyl]  -1 , 8-naphthalenedi  carboxylic 
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R = 

-(CH2)2N(CHj)2 

M-2725 

R = 

-(CH2)2N(C2H5, 

M-12210 

R = 

M-6212 

R = 

-(ch2)2-nQ 

Figure  1-6:  Structure  of  Naphthyl  Intercalators 
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on  the  substituted  groups  on  the  side  chain,  the  naphthyl 
diimides  are  further  classified  into  three  sub-categories. 

Type  A compounds  are  those  compounds  with  methylene  at  the 
alpha  position  to  the  naphthyl  diimide  ring,  i.e.,  6-9.  Type 
B compounds  are  those  with  a methyl  group  on  the  a-carbon  to 
the  ring,  i.e.,  12.  and  13 . Type  C compounds  are  those  with  an 
amide  group  on  the  a-carbon  to  the  ring,  i.e.,  10.  and  11. 

It  is  noted  that  all  of  these  reporters  are  naphthyl  imide 
or  diimide  derivatives.  The  development  of  these  types  of  deri- 
vatives as  intercalators  was  originally  initiated  by  Gabbay  and 
coworkers  (Gabbay  et  al.,  1973a).  Recently,  several  3-nitro- 
naphthy 1 derivatives,  structures  shown  in  Fig.  1-6,  were  syn- 
thesized by  Brana  and  coworkers  (Brana  et  al.,  1978)  and  were 
found  to  exhibit  antitumor  and  antiviral  activity.  Moreover, 
M-4212  and  M-12210,  shown  in  Fig.  1-6,  strongly  inhibited  DNA 
and  RNA  synthesis  in  Ehrlich  ascites  and  HeLa  cells.  These  two 
compounds  were  further  subjected  to  intercalative  binding  studies 
by  Waring  and  coworkers  (Waring  et  al.,  1979).  They  were  found 
to  intercalate  into  DNA  in  a very  similar  manner.  From  these 
studies,  one  can  reasonably  expect  that  these  reporters  should 
be  able  to  interact  with  DNA  by  an  intercalation  process  and 
show  potential  biological  activity. 

Each  imide  has  its  correspondent  diimide  with  the  same 
side  chain  (i.e.,  1 and  6;  2 and  9;  3 and  1_U;  4 and  U;  5 and  13). 
Because  the  variation  is  limited  to  the  aromatic  ring  systems, 
it  is  important  to  compare  their  binding  behavior  with  DNA  as 
well  as  their  biological  activity.  All  of  the  diimides,  because 
of  their  symmetrical  nature  after  forming  a complex  with  DNA, 
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have  two  side  chains  occupying  opposite  grooves  in  DNA. 

Therefore,  the  complex  structure  is  greatly  simplified. 
Furthermore,  the  three  types  of  side  chains  vary  significantly 
m size  and  thus  provide  potential  probes  for  studying  the 
effect  of  steric  factors  of  the  same  intercalating  ring  system 
on  the  binding  isotherm,  unwinding  angle  and  biological  activity, 
and  lead  to  a better  understanding  of  the  nature  of  drug  inter- 
calation with  DNA. 


CHAPTER  2 

MATERIALS  AND  METHODS 
Buffer 

The  buffers  used  in  this  research  were  as  follows:  (1) 
Phosphate  buffer  which  contained  2 X 10_2M  sodium  phosphate 
monobasic,  0.5  M;  sodium  acetate,  10  4M;  ethylenediaminetetra- 
acetic  acid  (EDTA) , pH  7.0.  (2)  MES^  buffer  which  contained 

1.0  X 10  2M  2 (N-morpholino) ethane  sulfonic  acid  (MES) , 10~4M 
EDTA,  0.005  M Na  , pH  6.2.  (3)  MES^  buffer  which  contained 

1.0  X 10  2 M MES,  10  4M  EDTA,  1.0  X 10_1M  NaCl , pH  6.2. 

Nucleic  Acids 

Linear  DNA 

Calf  thymus  DNA  (500  mg),  purchased  from  Worthington 
Biochemical  Corporation  (lot  #38N764)  , was  dissolved  in  250  ml 
of  phosphate  buffer  and  sonicated  with  an  Ultrasonics  W-375 
sonicator  at  0.1  sec  pulsed  every  1 sec  and  901  power  for  50 
minutes  at  4 C.  The  resulting  DNA  solution  was  filtered  through 
a 0.45  u Millipore  filter  and  precipitated  with  ethanol.  The 
solid  obtained  after  settling  in  the  refrigerator  at  5°C  for 
60  minutes  was  centrifuged  at  8,OOORPM  (revolutions  per  minute) 
for  60  minutes  (Sorvall  Superspeed  RC2-B) , the  temperature 
being  maintained  at  4°C.  After  decanting  the  aqueous  portion, 
the  DNA  obtained  was  redissolved  in  MESqo  buffer  and  dialyzed 
against  two  changes  of  1.0  liter  MESqo  buffer  for  2 days. 
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The  molecular  weight  was  determined  by  a standard  electro- 
phoretic method  (Jones  and  Wilson,  1980  ; Maniatis  et  al.  , 1975) 
and  was  found  to  be  approximately  300,000  daltons. 

Covalently  Closed  Superhelical  DNA 

Covalently  closed  superhelical  DNA  (CCS-DNA)  was  kindly 
provided  by  Dr.  W.  D.  Wilson  of  Georgia  State  University  and 
was  prepared  by  Mr.  R.  L.  Jones  (Georgia  State  University) 
using  a previously  described  method  (Jones  et  al.,  1980). 

Viscosity  Measurements 

Both  linear  and  CCS-DNA  viscometric  titrations  were  per- 
formed at  25°C  with  a Cannon-Ubbelohde  semi-micro  dilution 
viscometer  (Series  #75,  Cannon  Instrument  Co.)  and  were  either 
electronically  timed  using  a Wescan  optical  detection  unit 
and  timer  (Wescan  Instrument  Co.)  or  using  a digital  stop 
watch  (Fischer  Co.).  The  ratios  of  the  relative  specific 
viscosity  of  DNA-reporter  complex  solutions  to  the  relative 
specific  viscosity  of  DNA  solutions  were  plotted  against  the 
molar  ratio  of  reporter  to  DNA-phosphates . 

Circular  Dichroism  Measurements 
Circular  dichroism  spectra  of  reporters  and  DNA-reporter 
complexes  were  recorded  from  600  nm  to  300  nm  on  a Jasco  J-20 
spectropolarimeter.  Sonicated  calf  thymus  DNA  fat  concentra- 
tions of  2.0  X 10“4M-P/1,  1.5  X 10“4M-P/1,  and  reporters  at 
concentrations  of  1.7  X 10_SM  and  7. 3-7. 6 X 10"5M  for  imides 
and  di imides  respectively  were  used.  All  experiments  were 
done  in  5 cm  cells  and  in  MESqq  buffer  at  ambient  temperature. 
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Spectrophotometric  Titrations 
All  spectrophotometric  measurements  were  performed  with 
either  a Cary-17  or  a Cary-219  spectrophotometer  at  25°C„ 
Extinction  Coefficient  Measurements 

The  extinction  coefficient  of  each  compound  in  the  absence 
of  DNA  (e^)  was  determined  by  carefully  titrating  small  ali- 
quots of  a concentrated  stock  solution  into  buffer  and  measur- 
ing the  absorbance  as  a function  of  concentration,  the  typical 
final  reporter  concentration  being  around  10"^  to  10~6M.  The 
results  were  fitted  into  a least  square  program,  yielding  a 
linear  relationship  between  reporter  absorbance  and  concentra- 
tion. The  slope  of  an  absorbance  versus  concentration  plot 
represented  the  extinction  coefficient.  In  most  of  the  cases, 
correlation  coefficients  better  than  0.999  were  obtained. 

This  relationship  was  confirmed  for  concentrations  up  to  8 X 
10  for  imides  and  4 X 10  for  diimides.  The  extinction 
coefficient  of  reporter  bound  to  DNA  ( e^)  was  determined  by 
titrating  small  aliquots  of  concentrated  drug  stock  solution 

• - T 

with  a concentrated  DNA  solution  (typically  around  10  M) . 

The  slope  of  the  line  of  reporter  absorbance  versus  concentra- 
tion gave  the  bound  reporter  extinction  coefficient.  Correla- 
tion coefficients  better  than  0.999  were  obtained. 

Relative  Binding  Affinity  Determinations 

The  relative  binding  affinities  were  determined  either  by 

- ^ 

titrating  a concentrated  reporter  solution  (2-5  X 10  M)  into 
various  concentrations  of  DNA  solution  or  by  titrating  a 
concentrated  DNA  solution  (4  X 10  M-P/l)  into  various  concen- 
trations of  reporter  solution.  The  absorptions  at  345  nm  for 


31 

imides  and  383  for  diimides  were  taken  directly  from  the  digital 
reading  of  the  spectrometer.  Only  data  for  fractions  of  drug 
bound  to  DNA  in  the  range  between  0.2  and  0.8  were  used  for 
the  Scatchard  plots.  All  experiments  were  carried  out  at  25  + 

1°C  in  MESqo  or  MES10  buffer. 

Kinetic  Measurements 

All  stopped-flow  studies  were  conducted  with  a Durrum-Gibson 
stopped-flow  spectrophotometer  equipped  with  a Tektronix  C-27 
storage  oscilloscope  and  Polaroid  camera.  Experiments  were 
performed  using  drive  syringes  with  ratios  of  1:1.  The 
drive  syringes,  flow  system  and  observation  chamber  were  thermo- 
statically controlled  by  a Lauda  K-2/R  circulator  and  maintained 
within  ^0.5°C  of  the  desired  temperature.  The  two  solutions 
to  be  combined  were  loaded  into  two  separate  reservoir  syringes 
to  a volume  of  3-10  ml.  The  load  drive  syringes  were  allowed 
at  least  10  minutes  to  equilibrate  with  the  thermostated  bath 
before  mixing.  Reactions  were  monitored  at  345  nm  and  383  nm 
for  imides  and  diimides  respectively  as  a function  of  time.  A 
20  mm  cuvette  was  used  and  the  machine  had  a 3 msec  mixing  time. 

It  should  be  noted  that  while  the  concentration  of  the 
reporter  or  complex  as  a function  of  time  is  the  desired  quantity 
in  this  experiment,  the  apparatus  used  yields  only  a measure  of 
the  change  in  transmittance  versus  time.  Fortunately,  there 
exists  a simple  logarithmic  relationship  between  the  absorbance 
and  the  transmittance  given  by  the  expression 


A = log  1/T 
= abc 


2-1 
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where  A is  the  absorbance,  T the  transmittance,  a the  extinction 
coefficient,  b the  path  length  and  c the  molar  concentration. 

Since  the  absorbance  change  is  very  small  (less  than 
0.08;  i.e.,  the  absorbance  change  is  directly  proportional  to 
the  concentration  change  in  the  range  in  which  the  experiments 
were  carried  out)  the  transmittance  data  can  be  used  directly 
without  conversion  to  the  absorbance. 

Both  association  and  dissociation  reactions  of  reporters 
with  DNA  were  studied.  The  former  were  performed  by  mixing  the 
reporter  and  DNA  solutions  and  the  latter  by  mixing  a preformed 
reporter-DNA  complex  solution  with  a low  concentration  (II)  of 
detergent,  dodecyl  sodium  sulfate  (SDS) . As  reported  by  Muller 
and  Crothers  (1968),  this  detergent  acts  by  sequestering  the 
free  reporter  molecule  and  does  not  take  an  active  part  in  the 
reaction.  They  noticed  that  the  kinetics  of  the  dissociation 
reaction  was  independent  of  SDS  concentration. 

Synthesis 

Elemental  analyses  of  all  products  were  performed  by 

Atlantic  Microlab,  Inc.,  Atlanta,  Georgia.  The  melting  points 

were  measured  on  a Thomas -Hoover  Unimelt  apparatus  and  are 
1 13 

uncorrected.  H and  C magnetic  resonance  spectra  were  re- 
corded on  a Jeol-JNM-FX  100  Fourier  Transform  NMR  spectrometer. 
Chemical  shifts  were  determined  relative  to  the  internal 
standard  tetramethy Is i lane  (TMS)  for  spectra  taken  with  organic 
solvents  or  either  2 , 2 , 3 , 3-d^- 3- trimethylsily 1 propionate  (TSP) 
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or  3- (trimethylsily 1) - 1-propanesulfonic  acid  sodium  salt 
hydrate  (DSS)  for  those  determined  in  deuterium  oxide. 

Naphthalene- 1 ,4,5, 8- tetracarboxylic  dianhydride  was  pur- 
chased from  ICN  Pharmaceuticals,  Inc.,  and  purified  as  described 
later.  All  the  amines  (N ,N-dimethy lethylenediamine , 2-amino- 
5-diethylaminopentane , 1-adamantanamine , aminodipheny lmethane , 
N-methylmorpholine) , naphthalene- 1 , 8-dicarboxylic  monoanhydride 
and  isobutyl  chloroformate  were  obtained  from  Aldrich  Chemical 
Co..  L-lysine  was  purchased  from  Sigma  Chemical  Co..  N-a-t-BOC- 
e-N-CBZ -L- lys ine  and  N-a- t-BOC-L- lysine  were  obtained  from  Vega 
Biochemicals . 

Purification  of  Naphthalene- 1 , 4 , 5 , 8- tetracarboxylic  dianhydride 

Crude  naphthalene- 1 , 4 , 5 , 8- tetracarboxylic  dianhydride  was 
purchased  from  ICN  Pharmaceuticals,  Inc.,  and  purified  by  re- 
fluxing 50  g with  33  g of  sodium  hydroxide  and  10  g of  charcoal 
for  2 hours  followed  by  filtration.  The  filtrate  was  acidi- 
fied with  2N  hydrochloric  acid  to  pH  ~3.  Golden-brown  crystals 
were  precipated.  The  resulting  sample  was  recrystallized  from 
water,  washed  with  acetone  and  ethyl  ether  and  refluxed  with 
150  ml  trif luoroacetic  acid  for  2.5  hours.  The  resulting 
naphthalene- 1 , 4 , 5 , 8- tetracarboxylic  acid  was  refluxed  with 
600  ml  acetic  acid  and  acetic  anhydride  (3:1  v/v)  for  3 
hours,  filtered  and  washed  thoroughly  with  pentane  and  dried 
under  reduced  pressure  at  165°C  for  24  hours  to  yield  22  g of 
beige  crystals  (441  yield) . 

Anal.  Calculated  for  C,  62.70;  H,  1.50.  Found: 


C,  62.70;  H,  1.59. 
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N-  (2-dimethylaminoethy 1) - 1 , 8-naphthalenedicarboxy lie  imide 
hydrobromide, ~T  

A mixture  of  6 ml  (54  mmole)  of  N,N-dimethylethylenediamine, 
20  ml  of  tetrahydrofuran  (distilled  from  lithium  aluminum 
hydride)  and  5.0  g (25  mmole)  of  1,8-naphthalene  dicarboxylic 
monoanhydride  was  heated  in  a sealed  tube  at  90°C  for  20  hours. 
The  solvent  and  unreacted  amine  were  removed  under  reduced 
pressure  and  the  oily  residue  was  dissolved  in  100  ml  dichloro- 
methane  and  washed  with  two  50  ml  portions  of  saturated  sodium 
bicarbonate  followed  by  two  50  ml  portions  of  water.  The  di- 
chloromethane  layer  was  dried  over  anhydrous  magnesium  sulfate 
and  the  solvent  was  evaporated  to  dryness  under  reduced  pressure 
at  50  C.  The  resulting  oil  was  dissolved  in  50  ml  methanol, 
placed  in  an  ice/water  bath  and  a stream  of  hydrogen  bromide 
was  passed  through  the  solution  until  saturation  was  achieved. 

The  solution  was  then  evaporated  by  a stream  of  nitrogen  and 
the  resulting  waxy  solid  was  recrystallized  from  water  to  give 

4.2  g (58%)  of  1 which  decomposed  at  278-280°C.  The  1H  NMR 
(nuclear  magnetic  resonance)  in  DMSO-d^  (d^-dimethyl  sulfoxide) 
showed  a 6H  methyl  singlet  at  63.0,  a 2H  triplet  at  63.1,  a 2H 
triplet  at  63.7,  a 2H  multiplet  at  67.9  and  a 4H  multiplet  at 

68.2  for  the  aromatic  protons. 

Anal.  Calculated  for  C-^H^N^Br : C,  55.03;  H,  4.91;  N,  8.02. 

Found:  C,  54.98;  H,  4.98;  N,  7.98. 
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N- (5-aminohexanamido) -1 , 8-naphthalenedicarboxylic  imide  hydro- 
bromide,  2 

A 50  ml  tetrahydrofuran  solution  containing  15  g (39.5 
mmole)  of  N-a-t-BOO  e-CBZ-L-lysine  and  4.8  ml  (40  mmole)  of 
triethylamine  was  cooled  in  an  acetone/ice  bath.  Isobutyl 
chloroformate  (6.0  ml,  43.8  mmole)  was  added  and  the  solution 
stirred  for  30  minutes.  After  this,  20  ml  of  a precooled  THF 
solution  containing  14  ml  (80  mmole)  of  aminodipheny lmethane 
was  added  and  the  solution  stirred  with  continued  cooling  for 
1 hour,  brought  to  room  temperature  and  stirred  for  an  additional 
hour.  After  evaporation  of  the  solvent,  the  resulting  oily  solid 
was  dissolved  in  200  ml  of  dichloromethane  and  washed  twice  with 
200  ml  of  0.5  M citric  acid,  twice  with  200  ml  of  31  sodium 
bicarbonate  and  thoroughly  with  water.  Evaporation  of  solvent 
gave  17.2  g (80°o)  of  a white  solid.  The  1H  NMR  spectrum  of 
this  solid  was  in  accordance  with  the  structure  of  the  expected 
compound. 

To  17  g (31.2  mmole)  of  the  previous  solid  dissolved  in 
100  ml  of  methanol,  2.0  g of  palladium/barium  sulfate  (contain- 
ing 5%  palladium)  was  added  to  form  a suspension.  A stream  of 
dry  hydrogen  gas  was  bubbled  into  this  suspension  through  a 
dispersion  tube  and  the  mixture  was  stirred  for  10  hours.  The 
catalyst  was  filtered  and  solvent  removed  to  yield  5.4  g.(42%) 
of  N-a-t-BOC-L-lysine-diphenylmethyl  amide,  of  which  4.9  g 
(11.9  mmole)  was  reacted  with  1.6  g (8  mmole)  of  naphthalene- 
1,  8-dicarboxylic  monoanhydride  in  30  ml  of  THF  placed  in  a 
sealed  tube  and  incubated  at  80°C  for  8 hours.  After  evapora- 
tion of  solvent  under  reduced  pressure,  washing  was  performed 
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by  dissolving  the  resulting  mixture  in  200  ml  of  dichloro- 
methane  and  treating  it  twice  with  200  ml  of  3%  sodium  bi- 
carbonate followed  by  two  washings  with  200  ml  of  0.5  M citric 
acid  and  then  water.  Following  reduction  of  the  organic  layer 
to  10  ml,  1.8  >g  (38%  yield)  of  light-beige  crystals  were 
obtained  (decomposed  at  260-262°C).  After  NMR  analysis,  the 
resulting  product  was  placed  in  two  2 X 15  cm  teflon  tubes 
covered  with  anisole  and  flushed  with  nitrogen.  Hydrogen  fluoride 
(35  ml)  was  added  to  each  tube  and  the  mixtures  stirred  at  15°C 
for  2 hours.  After  the  reaction  was  complete,  the  excess  hydro- 
gen fluoride  was  evaporated  under  reduced  pressure  and  the 
resulting  redish  oils  were  dissolved  in  50  ml  of  deionized 
water.  Anisole  was  removed  by  extracting  twice  with  80  ml  of 
ether.  Following  concentrations  of  the  water  volume  to  ~10  ml, 
crystals  were  obtained  which  were  dissolved  in  5 ml  of  water 
and  precipitated  out  by  the  addition  of  2 N sodium  hydroxide 
up  to  pH  ~10.  The  white  solid  recovered  was  dissolved  in  10 
drops  of  48%  HBr/H20  with  cooling  in  an  ice  bath.  Water  was 
then  added  until  the  solution  turned  turbid  to  afford  0.6  g 
(48.5%)  yield  of  crystals,  mp  >200°C. 

The  ^H  NMR  spectrum  in  DMSO-d^-  exhibited  a broad  area  for 
6H  at  62.5,  a multiplet  for  2H  at  64.1,  a broad  peak  for  2 amide 
protons  at  67.5  and  a 6H  aromatic  at  67.8-8.5. 

Anal.  Calculated  for  c18I12oN3°3Br : C>  53-22;  H,  4.96;  N,  10.34 

Found:  C,  53.11;  H,  4.99;  N,  10.31. 
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N-  (1-carboxamidopentanamido)  - 1 , 8-naphthalenedicarboxylic  imide 
hydrobromide  ,~3 

A mixture  of  2.0  g (10  mmole)  of  1 , 8-naphthalenedicarboxylic 
anhydride,  3.1  g (11  mmole)  of  N- e-t-BOC-L- lysine  and  1.3  ml 
(15.4  mmole)  of  N-methylmorpholin  was  placed  in  25  ml  of  THF  and 
heated  at  95°C  for  10  hours.  The  solvent  was  evaporated  after 
this  period  and  the  oil  which  formed  was  dissolved  in  150  ml  of 
3 % aqueous  sodium  bicarbonate.  It  was  then  washed  with  ethyl 
acetate  and  the  aqueous  layer  was  acidified  with  2 N HC1  to  pH 
~3  in  the  presence  of  200  ml  of  ethyl  acetate.  The  organic 
layer  was  washed  with  water,  and  the  solvent  evaporated  to  dry- 
ness to  yield  3.2  g of  a yellow-biege  solid  in  74.4%  yield.  The 
structure  of  the  product  was  confirmed  by  NMR  spectrum  and  the 
product  was  used  without  additional  treatment. 

To  3.0  g (7.0  mmole)  of  the  previous  solid  dissolved  in  30  ml 
of  THF  were  added  0.85  ml  (7.7  mmole)  of  N-methy lmorphol iue  and 
stirring  was  performed  in  an  acetone/ice  bath  for  15  minutes. 

1.1  ml  (8.0  mmole)  of  isobutyl  chloroformate  was  added  and  stir-  i 
ring  was  continued  for  30  minutes  with  cooling  and  was  followed 
by  bubbling  a stream  of  ammonia  gas  into  the  solution  until 
saturation  was  achieved.  Stirring  was  continued  at  room  tempera- 
ture for  30  additional  minutes.  The  solvent  was  evaporated  to 
dryness  at  this  point  to  yield  3.15  g (82.1%)  of  a yellow-biege 
solid.  After  confirmation  of  the  structure  by  NMR,  2.2  g (5.2 
mmole)  of  the  solid  obtained  was  stirred  with  25  ml  of  35% 

HBr/HAc  for  1 hour.  The  bromide  salt  was  precipitated  out  with 
anhydrous  ether  and  the  resulting  solid  was  purified  by  liquid 
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chromatography  using  an  Amberlite  2 X 40  cm  CG-400  column  and 
lypholized  the  eluate.  The  yield  was  1.2  g (55.7%)  of  solid 
with  a mp  >200°C. 

The  1H  NMR  spectrum  taken  in  D20  showed  a 2H  multiplet  at 
61.3,  a 2H  multiplet  at  61.5,  a 2H  multiplet  at  61.5,  a 2H 
triplet  at  62.8  and  a 2H  multiplet  at  65.4  besides  a 6H  aromatic 
ABX  pattern  at  67.4-8.2. 

Ana]U  Calculated  for  C18H2QN303Br.0. 5H20:  C,  52.06;  H,  5.10; 

N,  10.12;  Br,  19.24.  Found:  C,  52.02;  H,  5.10;  N,  10.11;  Br, 

19.22. 

N- [1-N  * - (1-adamantyl-carboxamidopentanamino [-1 , 8-naphthalene- 
dicarboxylic  imide  hydrobromide,  4 c 

To  a 10  ml  tetrahydrofuran  solution  containing  3.25  g 

(7.9  mmole)  of  N- e-CBZ-L-lysine- (N-l-adamntyl)amide , 14, 

O. 8  ml  of  N-Methylmorphol ine  (7.3  mmole)  and  1.4  g (7.1  mmole)  of 

naphthalene-1 , 8 -dicarboxylic  anhydride  was  added  and  the  mix- 
ture heated  at  80 °C  for  20  hours  in  a sealed  tube.  The  result- 
ing reaction  mixture  was  evaporated  to  dryness  under  reduced 
pressure  and  then  dissolved  in  150  ml  of  ethyl  acetate.  The 

solution  was  washed  twice  with  100  ml  of  saturated  sodium 

bicarbonate  solution,  two  100  ml  portions  of  0.5  M citric  acid 
and  finally  with  water.  The  ethyl  acetate  layer  was  separated 
and  evaporated  and  a brown  oil  was  obtained.  The  resulting  oil 

was  passed  through  a 2 X 30  cm  silica  gel  column  and  eluted  with 

5%  methanol  in  methylene  chloride  to  yield  4.5  g of  a brown  oil. 
To  4.1  g of  this  oil  40  ml  of  35%  hydrogen  bromide  in  acetic  acid 
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was  added  and  the  reaction  mixture  was  stirred  at  room  temper- 
ature for  1 hour.  Ethyl  ether  was  added  to  the  solution  until 
no  additional  precipitation  was  observed.  After  filtration,  the 
resulting  solid  was  dissolved  in  5 ml  of  water  and  passed  through 
a 2 X 30  cm  Amberlite  CG-400  ion  exchange  column  (bromide  form) 
and  the  fraction  absorbing  at  350  nm  was  lypholized  to  yield 

3.1  g (791)  of  a yellow  solid,  4_,  decomposed  at  185°C. 

1 

The  H NMR  in  DMSO-d^  showed  two  large  peaks  with  a 
broadened  base  at  61.5-1.9,  a 1H  multiplet  at  65.3,  a 4H  multi - 
plet  with  a shoulder  at  67.9  and  a 4H  multiplet  at  68.5. 

Anal.  Calculated  for  c28H34N3°3Br . 0. 5H20 ; C,  61.20;  H,  6.42; 

N,  7.65;  Br,  14.54.  Found:  C,  60.97;  H,  6.78;  N,  7.59; 

Br,  14.45. 

N- (4-diet hyl am ino-l-methylbutyl)-l, 8-nap hthalenedicarboxy lie 
imide  hydrobromide,  5 

A solution  of  3.0  g (15.1  mmole)  of  naphthalene- 1 , 8 -di- 
carboxylic  monoanhydride  and  10.0  ml  (51.6  mmole)  of  2-amino- 
5-diethylaminopentane  in  20  ml  of  THF  was  incubated  at  90  C 
for  12  hours.  The  solvent  was  then  evaporated  under  reduced 
pressure  and  the  oil  produced  was  dissolved  in  200  ml  of 
methanol  and  precooled  in  an  ice  bath  before  addition  of  a 
stream  of  hydrogen  bromide  gas  which  was  bubbled  into  the 
solution  until  saturated.  After  evaporation  of  the  solvent 
the  resulting  oil  was  eluted  from  an  1.5  X 50  cm  silica  gel 
column  and  the  fractions  having  strong  absorption  at  345  nm  were 
collected  and  evaporated  to  dryness.  The  obtained  residues 
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were  then  passed  through  another  1.5  X 35  cm  silica  gel  column. 
The  fractions  that  exhibited  one  TLC  spot  with  Rf=0.4  (using 
15°6  methanol  in  dichloromethane  as  the  eluting  solvent)  were 
collected. and  evaporated  to  dryness  to  afford  1.2  g (18.91 
yield)  of  a light  yellow  solid. 

H NMR  analysis  of  DMSO-dg  showed  a 6H  methyl  triplet  at 
51.2,  a 7H  double  overlap  with  a broad  peak  at  61.5,  a 7H 
multiplet  at  63.0,  an  aromatic  6H  multiplet  at  67.8-8.5  and 
a 1H  broad  peak  at  69.8. 

Anal.  Calculated  for  C21H27N202Br;  C.  60.15;  H,  6.40;  N,  6.68. 
Found:  C,  60.37;  H,  6.52;  N,  6.64. 


^T.,'?:iA('a~k1!1|ethy-il;amiinLe!hy?'l~1?4,5,8"naphthalenetetracarbox~ 
yiic  1 , 8 . 4 , 5-diimide  dihydrobromide , 6 “ 

To  a 20  ml  methanol  solution  containing  2.0  g of  N,N’-bis 
(2-dimethylaminoethyl) -1,4, 5 , 8-naphthalenetetracarboxylic  1 , 

8:4, 5-diimide  (obtained  from  Dr.  E.  J.  Gabbay  and  recrystallized 
from  dichloromethane),  a stream  of  hydrogen  bromide  was  bubbled 
and  stirred  over  an  ice/water  bath  until  saturated.  A light 
yellow  solid  was  precipitate  washed  with  methanol  and  recrystal- 
lized from  water  to  give  2.4  g (86%)  of  2,  mp  >300°C  (decompose). 

The  1H  NMR  spectrum  in  D20  showed  a 12H  nethyl  singlet 
at  62.9,  a 4H  triplet  at  63.5,  a 4H  triplet  at  64.50  and  a 4H 
aromatic  singlet  at  68.59. 

Anal.  Calculated  for  C22H2(.N404Br2 ; C,46.34;  H,  4.60;  N,  9.82. 


Found:  C,  46.54;  H,  4.66;  N,  9.80. 
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N > N 1 -Bis (2  - trimethy 1 ammonium -ethyl 1 -1.4.5. 8 -nanhtha 1 pnRtptra- 
carboxylic  1 , 8 : 4 , 5-diimide  diiodide,  7 

A 400  mg  sample  of  N,N' -bis (2-dimethylaminoethyl) -1 ,4 , - 
5 , 8 -naphthalene tetracarboxy lie  1 , 8 : 4 , 5-diimide  (same  source 
as  previously  described  under  compound  6_)  was  treated  with 
2 ml  of  methyl  iodide  and  10  ml  of  mehtanol  at  50°C  for  10  hours 
A scarlet  red  solid  was  found  in  the  solution.  After  filtration 
and  washing  thoroughly  with  methanol,  recrystallization  from 
water  afforded  410  mg  (60%)  of  scarlet  red  crystals,  7_. 

The  1H  NMR  spectrum  in  DMSO  showed  a 18H  methyl  singlet  at 
63.3,  two  4H  triplets  at  63.4  and  63.7  respectively  and  a 4H 
aromatic  singlet  at  68.7. 

Anal.  Calculated  for  C24H35N4°  4I2-3H20;  C,  39.00;  H,  4.87; 

N,  7.53;  I,  34.10.  Found:  C,  39.00;  H,  4.83;  N,  7.56;  I,  34.40 

N , N 1 -Bis (3-dimethylaminopropyl) -1,4,5 , 8 -naphthalene tetra- 
carboxylic  1 , 8 : 4 , 5-diimide  dihydrobromide,  8 

A 1.0  g sample  of  naphthalene - 1 , 4 , 5 , 8- tetracarboxylic 
dianhydride  and  10  ml  of  3-dimethylaminopropylamine  was  heated 
in  10  ml  of  tetrahydrofuran  at  95°C  for  8 hours.  The  solvent 
and  excess  amine  were  evaporated  to  dryness  at  50°C  under  re- 
duced pressure.  The  resulting  oil  was  dissolved  in  100  ml  of 
dichloromethane  and  the  undissolved  material  filtered  off.  The 
organic  layer  was  then  washed  with  saturated  sodium  bicarbonate 
solution  followed  by  water.  The  solvent  was  reduced  to  10  ml 
and  addition  of  about  10  ml  of  ethanol  resulted  in  the  formation 
of  1.5  g (91%)  of  golden-yellow  crystals. 
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The  resulting  solid  was  converted  into  the  hydrobromide 
salt  by  treatment  with  a few  drops  of  481  hydrobromic  acid. 
Recrystallization  from  water  gave  1.6  g (72%)  of  a yellow 
solid,  8^ 

The  1H  NMR  spectrum  in  D20  exhibited  a 12H  methyl  singlet 
at  62.9,  two  411  triplets  at  62.1  and  63.2  respectively  and  a 
4H  aromatic  peak  at  68.3. 

Anal.  Calculted  for  C24H35N404Br2 • 2 . 5HZ0;  C,  44.85;  H,  5.44; 

N,  8.71;  Br,  24.85.  Found:  C,  44.80;  H,  5.46;  N,  8.66;  Br, 

24.75. 

N,N' -Bis (5  - aminohexanamido) - 1 , 4 , 5 , 8 -naphthalene tetracarboxy lie 
1 , 8 : 4 , 5-diimide  dihydrobromide,  9 

Compound  1 5 (1.5  g,  2.1  mmole)  and  0,5  ml  (4.5  mmole)  of 
N-methylmorphol ine  were  dissolved  in  40  ml  of  THF  and  stirred 
in  an  acetone/dry  ice  bath  for  15  minutes,  after  which  0.8  ml 
(5.8  mmole)  of  isobutyl  chlorof ormate  were  added  and  stirring 
continued  for  40  minutes.  A stream  of  ammonia  gas  was  bubbled 
into  the  solution  until  saturation  and  the  solution  stirred  at 
room  temperature  for  one  hour.  The  solvent  and  the  excess  of 
ammonia  were  removed  under  reduced  pressure.  The  resulting 
beige  solid  was  suspended  in  methanol  and  filtered.  Further 
washing  was  accomplished  by  dissolving  it  in  100  ml  of  dichloro- 
methane  and  treating  it  with  100  ml  of  0.5  M citric  acid  and 
water.  Solvent  removal  afforded  1.4  g (43.6%)  of  a beige  solid 
whose  NMR  spectrum  agreed  with  the  expected  structure. 
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Additional  product  was  obtained  by  repeating  the  described 
method  to  afford  1.8  g of  material  which  was  then  stirred  with 
30  ml  of  351  HBr/HAc.  Precipitation  of  the  sadt  with  ether 
afforded  a yellow  solid  which  was  recrystallized  from  water 
three  times  and  chromatographed  twice  using  a 2 X 40  cm 
Amberlite  CG-400  (bromide  form).  Upon  lypholization,  0.99  g 
(58. 1 % yield)  of  a light  yellow  solid  was  obtained. 

The  1H  NMR  in  D20  presented  a 6H  peak  at  62.5,  a 2H  multi- 
plet  at  64.1  and  an  aromatic  4H  at  68.2. 

Anal.  Calculated  for  C26H32N606Br2 ; C,  45.63;  H,  4.71;  N,  12.28; 
Br,  23.35.  Found:  C,  45.43;  H,  4.77;  N,  12.21;  Br,  23.25. 

N,N' - B i s ( 1 - carboxamidopentanamino )-l,4,5,8-naphthalenetetra- 
carboxylic  1 , 8 : 4 , 5-diimide  dehydrobromide,  10 

Compound  1J3  was  prepared  using  the  same  procedure  described 
before  for  compound  3.  In  this  case,  2.4  g (8.0  mmole)  of 
naphthyl-1, 4, 5, 8- tetracarboxylic  dianhydride,  6.5  g (23.0  mmole)  of 
e - 1- BOC- L- lysine  and  2.6  ml  of  N-methylmorpholine  in  50  ml  of 
THF  were  used  and  the  incubation  period  lasted  40  hours.  The 
yield  was  5.7  g (8719%)  of  a light  brown  solid  after  the  first 
step . 

Following  NMR  analysis,  5.0  g (6.9  mmole)  of  the  resulting 
solid  was  added  to  1.7  ml  (15.5  mmole)  of  N-methylmorpholine 
with  stirring  under  cooling  for  10  minutes.  In  this  case,  2.1 
ml  (15  mmole)  of  isobutyl  chloroformate  was  used  and  after 
treatment  with  ammonia  and  isolation,  the  NMR  spectrum  checked  as 
expected,  the  solid  being  obtained  in  96.2%  (4.8  g)  yield. 
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To  prepare  the  hydrobromide  salt,  4.2  g (5.8  mmole)  of 
the  solid  was  employed,  yielding  2.0  g (50.21  yield)  of  a 
yellow  solid  after  final  isolation,  mp  >200°C. 

The  NMR  analysis  was  as  follows.  D20  was  used  as  solvent  and 
two  multiplets  at  62.0-2.2  and  62.7-2.8  for  16H,  a triplet 
for  4H  at  63.5,  a 3H  multiplet  at  66.1  and  a 4H  aromatic  singlet 
at  69.2  were  observed. 

Anal.  Calculated  for  c26H32N6°6Br 2 * 2H2° ; C’  43*  35J  H>  5.04; 

N,  11.67;  Br,  22.18.  Found:  C 43,28;  H,  5.05;  N,  11.63; 

Br,  22.19. 

N >N 1 -Bis  1-N"- (1- adamantyl) -carboxamidopentanamino- 1 ,4,5,8- 
naphthalenetetracarboxy lie  1 , 8 : 4 , 5-diimide  dehydrobromide,  11 

A tetrahydrofuran  solution  of  6.8  (16  mmole)  of  N-a- 
CBZ-L- lysine  - (N  - 1- adamantyl)  amide , !U,  1.8  g (6.8  mmole)  of 
purified  naphthalene- 1 , 4 , 5 , 8- tetracarboxylic  dianhydride  and  1.6 
ml  (14.5  mmole)  of  N-methylmorpholine  were  placed  in  a sealed 
tube  and  heated  at  80°C  for  20  hours.  The  solvent  was  evaporated 
under  reduced  pressure,  the  residue  dissolved  in  150  ml  of  ethyl 
acetate  and  washed  with  saturated  sodium  bicarbonate,  0.5  M citric 
acid  and  water.  The  ethyl  acetate  layer  was  evaporated  to 
dryness  and  the  carboxybenzyl  group  deprotected  by  stirring 
the  resulting  oil  with  40  ml  of  35%  NBr/HOAc  at  room  temperature 
for  1 hour.  The  product  was  precipitated  with  ethyl  ether  and 
then  filtered.  The  obtained  solid  was  dissolved  in  water  and 
passed  through  a 2 X 40  cm  Amberlite  CG-400  ion  exchange  column 
(bromide  form) . The  fraction  absorbing  at  383  nm  was  lypholized 
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to  yield  a yellow  solid,  2.5  g (39%  yield);  decomposed  at 
210-240°C. 

The  H NMR  in  DMSO-d^  exhibited  two  large  peaks  with  a 
broad  peak  at  61.6-1.9,  a triplet  at  62.8,  a multiplet  at  65.3 
and  an  aromatic  singlet  at  68.7 

Anal.  Calculated  for  C46H6QN606Br2 . 2 . 5H20 ; C,  55.37;  H,  6.57; 

N,  8.42;  Br,  16.02.  Found:  C,  55.32;  H,  6.58;  N,  8.40;  Br, 

15.98. 

N,N'-Bis(4-diethylamino-l-methylbutyl)-l,4,5,8-naphthalene- 

tetracarboxy 1 ic  1 , 8 : 4 , 5-diimide  dihydrobromide,  12 

Naphthalene-1 , 4 , 5 , 8- tetracarboxylic  dianhydride  (1.0  g, 

3.7  mmole)  and  2 - amino  - 5 -diethylaminopentane  (10.0  ml,  51.6 
mmole)  were  dissolved  in  10  ml  of  THF  and  heated  at  90°C  for 
10  hours.  The  solvent  was  removed  to  yield  5 ml  of  a dark  oil. 

The  resulting  oil  was  dissolved  in  20  ml  of  methanol  and  converted 
to  the  dihydrobromide  salt  by  treatment  with  gaseous  hydrogen 
bromide.  A precipitate  was  obtained  by  addition  of  ether  and 
collected  by  filtration.  The  resulting  solid  was  redissolved 
in  3 ml  of  10%  methanol  in  dichloromethane  and  the  solution 
passed  through  a 2 X 40  cm  silica  gel  column.  The  fractions 
that  absorbed  at  383  nm  were  collected  and  evaporated  to  dryness 
yielding  a light  orange-yellow  solid  (0.49  g,  18.5%). 

NMR  spectrum  in  D20  exhibited  12H  methyl  triplet  at 
61.14,  a 16H  double  overlap  with  multiple  peaks  at  61.21,  a 12H 
multiplet  at  63.04,  a broad  peak  at  65.4,  and  a 4H  aromatic  at 


68.2. 
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Anal.  Calculated  for  Cj^gN^Br^O;  C,  52.75;  H,  6.64; 

N,  7.69;  Br,  21.94.  Found:  C,  52.77;  H,  6.68;  N,  7.67;  Br  , 

21.92. 

N,N' -Bis(4-diethy Imethyl ammonium- 1 -methyl  hut vll -l  A s 8-nanh- 

thalenetetracarboxylic  1,8:4, 5-diimide  diiodide,  13 — 2 

To  a 10  ml  methanol  solution  containing  500  mg  of  N,N'- 
bis (4-diethylamino- 1 -methybutyl) -1,4, 5 , 8 -naphthalene  tetra- 
carboxylic  1 , 8 : 4 , 5 -diimide  (as  described  previously  for  compound 
12),  2 ml  of  methyl  iodide  was  added.  The  reaction  was  carried 
out  in  a sealed  tube  at  50°C.for  8 hours.  After  removal  of  the 
solvent  and  excess  methyl  iodide,  a dark  brown  oil  was  obtained 
which  was  redissolved  in  5 ml  of  hot  methanol.  Upon  cooling, 

300  mg  (33%)  of  a scarlet  red  solid  (1J5)  was  obtained. 

The  H NMR  spectrum  in  D20  showed  a triplet  overlaped  with 
a doublet  at  61.2-3.0,  a methyl  singlet  overlaped  with  a triplet 
at  64.6-5.2  and  an  aromatic  singlet  at  68.5. 

Anal.  Calculated  for  C,  46.05;  H,  6.37;  N, 

6.32;  I,  28.63.  Found:  C,  45.90;  H,  6.38;  N,  6.32;  I,  28.62. 

N- e - CBZ- L- lysine-N- 1 - adamantyl  amide,  14 

A solution  of  10.1  g of  a- t-BOC-e-CBZ-lysine  (27  mmole)  and 
3.25  ml  of  N-methylmorpholine  (30  mmole)  in  30  ml  tetrahydrofuran 
was  cooled  in  an  acetone/dry  ice  bath  for  5 minutes  and  4.0  ml 
of  isobutyl  chloroformate  was  added.  After  30  minutes,  a second 
precooled  solution  of  8.1  g of  1 - adamantylamine  (53  mmole)  in 
10  ml  of  tetrahydrofuran  was  added  and  the  reaction  mixture  was 
stirred  in  an  acetone/dry  ice  bath  for  one  hour.  The  reaction 
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mixture  was  evaporated  to  dryness  under  reduced  pressure. 

The  resulting  oil  was  dissolved  in  150  ml  of  dichloromethane 
and  washed  with  saturated  sodium  bicarbonate  solution,  0.5  M 
citric  acid  solution  and  water.  The  solvent  was  then  evapor- 
ated under  reduced  pressure.  The  oil  obtained  was  stirred 
with  200  ml  of  25%  trif luoroacetic  acid  in  dichloromethane 
for  1 hour,  and  the  solvent  evaporated  by  a stream  of  nitrogen 
to  yield  a clear  light  oil.  This  oil  was  dissolved  in  150  ml 
of  ethyl  acetate  and  successively  washed  with  sodium  hydroxide 
(pH  = 9)  and  water.  The  ethyl  acetate  solution  was  evaporated 
to  dryness  to  yield  10.5  g (96.6%)  of  a light  yellow  oil. 

The  H NMR  of  the  resulting  oil  showed  that  the  N-a-tf-BOC 
protecting  group  had  been  cleaved  and  its  TLC  indicated  99% 
purity.  The  compound  was  used  for  further  reactions  without 
additional  purification. 


QLiOC-Piamino  - t- but  oxy  carbonyl  - 1 , 3 , 6 , 8 - tetrahvdro-  1 -5.6,8-tPtrg- 
oxobenzo  [lmn 1 [5,8 Jphenan thro line- 2 ,7-dicarpornicacid , 1 5 


A 20  ml  tetrahydrofuran  solution  of  5.7  g (23  mmole)  of 
N-a-t-BOC-lysine,  2.8  g (10.5  mmole)  of  naphthalene  1, 4,5,8- 
tetracarboxyl ic  dianhydride  and  3.0  ml  (25.3  mmole)  of  tri- 
ethylamine  was  placed  in  a sealed  tube  and  heated  at  90 °C  for 
8 hours.  The  solvent  was  evaporated  to  give  a dark  brown  oil. 
This  oil  was  dissolved  in  150  ml  of  3%  sodium  bicarbonate  sol- 
ution and  washed  with  ethyl  acetate.  The  aqueous  solution 
was  acidified  with  IN  hydrochloric  acid  solution  to  pH  ~ 3 

in  the  presence  of  100  ml  of  ethyl  acetate.  After  washing 
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with  water  the  organic  layer  was  dried  over  anhydrous  magnesium 
sulfate  and  filtered.  The  volume  was  reduced  to  10  ml  and 
crystallization  afforded  5.47  g (73%)  of  a beige  solid. 

Anal.  Calculated  for  C36H44N4012;  C,  59.66;  H,  6.12;  N, 

7.73.  Found:  C,  59.42;  H,  6.16;  N,  7.83. 


CHAPTER  3 
RESULTS 


Viscosity  Studies 

The  results  of  the  viscosity  studies  of  the  interactions 
of  imides  l-4_  and  diimides  6-13  with  sonicated  calf  thymus  DNA 
are  shown  in  Fig.  3-1  and  3-2.  The  figures  indicate  that  all 
of  the  reporters  increase  the  relative  specific  viscosity  of 
the  DNA  solutions  as  the  reporter  concentration  increases. 

Most  of  the  compounds  begin  to  level  off  at  a molar  concentration 

ratio  of  reporter  to  DNA-phosphate  equal  to  0.2.  For  imides,  the 

, . . . r-  - • . ncomplex /nDNA  , , ncomplex 

maximum  relative  specific  viscosity  n r /n  (where  noTA  r 


DNA 


sp 


sp 


and  are  the  specific  viscosities  of  the  DNA  solution  in 

the  presence  and  absence  of  reporters  respectively)  varies 
from  1.4  for  4_  to  2.0  for  1^.  On  the  other  hand,  the  relative 
specific  viscosities  of  diimides  lie  between  1.8  and  2.2. 


Circular  Dichroism  Studies 

The  induced  circular  dichroism  (CD)  spectra  of  compounds 
1-13  obtained  by  their  interactions  with  DNA  are  shown  in  Fig. 
3-3  to  3-5  and  the  results  are  summarized  in  Table  3-1.  It 
should  be  noted  that  compounds  3_,  <4,  10_  and  1_1  which  have  a 
chiral  center  at  the  carbon  adjacent  to  the  chromophore  have 
a larger  intrinisic  dichroism  and  produce  very  complicated 
spectra  while  those  of  compounds  of  and  9 with  a chiral  carbon 
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[Reporter] / [DNA-P] 

Figure  3-1:  Viscometric  Titrations  of  Calf  Thymus  DM  with 

Naphthyl  Imides.  Calf  thymus  DMA  (3.3  X lO'^M-P/l) 
was  titrated  with  compounds  !(•),  2(0),  3(a) 
and  4 ( v ) . The  experiments  were  conducted  in  MESnn 
buffer  at  25°C. 
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Figure  3-2:  Viscometric  Titration  of  Calf  Thymus  DNA  with  Naphthyl 

Diimides „ Calf  thymus  DNA  (3.3  X 10"  T4-P/1)  was 
titrated  with  compounds  (3(A) , 7(D),  8(#),  9(Y), 

ID  (A),  11(0),  L2(v ) and  13(i~).  The  - experTments 
were  carried  out  int  MESQ0  Buffer  at  25°C. 


Figure  3-3:  Induced  CD  Spectra  of  Naphthyl  Imides.  The  CD  spec- 
tra of  imides  1_-S_  in  the  absence  ( -)  and  presence 

( ) of  DNA  are  shown.  The  molar  ellipticity  is 

plotted  as  a function  of  wavelength.  The  molar  ratio 
of  DNA-P  to  reporter  was  16  and  the  DNA-P  concentra- 
tion was  2.9  X 10'%’  in  all  cases. 


53 


(X  10" ^ 

Figure  3-4: 


Induced  CD  Spectra  of  Type  A Naphthyl  Diimides.  The 

CD  spectra  of  diimides  (3-5)  in  the  absence  ( } and 

presence  ( ■)  of  DNA  are  shown.  The  molar  ellip- 

ticity  is  plotted  as  a function  of  wavelength.  The 
molar  ratio  of  DNA-P  to  reporter  was  20  and  the  DNA-P 
concentration  was  1.6  X 10'%  in  all  cases. 


[ 

(X  10" 


[ 

(X  10" 
[ 

(X  10" 


[ 

(X  10" 


Figure  3-5:  Induced  CD  Spectra  of  Type  B and  C Naphthyl  Diimides. 

The  CD  spectra  of  diimides  10_-13_  in  the  absence  ( •) 

and  presence  ( ) of  DNA  are  shown.  The  molar  el- 

lipticity  is  plotted  as  a function  of  wavelength. 

The  molar  ratio  of  DNA-P  to  reporter  was  20  and  the 
DNA-P  concentration  was  1.6  X 10~4m  in  all  cases. 
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Table  3-1: 

Induced  Circular  Dichroism 
Complexesa » b 

Data  for 

Reporter-DNA 

Compound 

Ac 

(nm) 

- 3C 

[9]  X 10  J 

A 

(nm) 

[6]  X 10"3 

1 

345 

-2.45 

375 

-0.88 

2 

350 

-1.33 

375 

-0.97 

3 

345 

4.86 

500 

0.00 

4 

345 

3.91 

500 

0.00 

5_ 

335 

0.57 

375 

-0.46 

6 

375 

-9.21 

500 

1.71 

l 

375 

-3.38 

500 

0.00 

8 

375 

-6.49 

500 

2.14 

9 

375 

-2.99 

500 

1.09 

10 

320 

3.34 

380 

1.34 

n 

335 

6.42 

410 

-1.60 

1_2 

375 

-4.76 

500 

-0.53 

11 

375 

-3.39 

500 

0.00 

The  experiments  were  carried  out  in  0.01  M MESnn  at 
2 7±2°C . 

b Reporters  were  complexed  with  calf  thymus  DNA  at  concen- 
trations of  2.9  X 10“u-l-P/l,  1.46  X 10~^M-P/1  and  reporter 
concentration  to  DNA  base  ratio  of  0.06  and  0.05  for  imides 
and  diimides  respectively. 

c The  units  for  A and  [0]  are  nm  and  deg; cm^/decimole 
respectively,  [0]  = Mw  . T/(l  • c • 100)  where  Mw  is  the 
molecular  weight  of  reporter,  T is  the  molecular  ellipticity 
in  degree,  1 is  the  cell  length  in  dm,  and  c is  the  concen- 
tration of  reporter  in  g/ml.  The  wavelengths  used  were 
chosen  so  as  to  reflect  the  most  significant  characteristics 
of  the  induced  CD  spectra. 
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removed  four  carbons  from  the  chromophore  are  considerably 
simpler.  For  all  the  compounds,  an  induced  CD  was  observed 
in  the  presence  of  DNA.  It  is  interesting  to  note  that  only 
compounds  6>,  8 and  9^  show  a positively  induced  CD  at  500  nm, 
the  rest  of  the  compounds  either  showing  a negative  or  no 
induced  CD  at  that  wavelength. 

Spectrophotometric  Studies 
Extinction  Coefficients 

Representative  absorption  spectra  of  imides  and  diimides 
are  shown  in  Fig.  3-6.  In  the  range  from  330  nm  to  410  nm,  all 
the  imides  exhibit  a strong  absortion  peak  at  about  345  nm 
whereas  two  strong  absorption  peaks  are  seen  for  the  diimides  at 
362  nm  and  383nm.  Figure  3-6  also  shows  three  effects  on  the 
absorption  spectra  of  these  compounds  on  binding  to  DNA.  First, 
a large  hypochromic  effect  was  observed  for  all  compounds. 

Second,  there  is  a very  small  shift  of  X to  longer  wavelengths 
for  all  compounds.  Third,  an  isobestic  point  was  observed. 

These  results  are  summarized  in  Table  3-2.  The  extinction 
coefficient  of  each  compound  in  the  absence  ( e^)  and  in  the 
presence  (e^)  of  DNA  was  determined  by  titration  of  a concen- 
trated drug  solution  into  a buffer  or  concentrated  DNA  solu- 
tion and  the  results  are  also  summarized  in  Table  3-2.  It 
should  be  pointed  out  that  the  for  all  imides  and  diimides 
are  around  13,000  +_  1,000  and  27,000  +_  2,000  respectively  and 
' ^ are  6,000  +_  200  and  10,000  +_  200  for  the  imides  and  diimides 
respectively.  The  percent  of  hypochromicity  changes  are 
around  260  + 50  for  both  imides  and  diimides. 
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Figure  3-6:  The  effect  of  DXA  on  the  Absorption  Spectrum  of  .1 

and  6_.  The  spectrum  having  the  largest  absorbance 
at  345  nm  and  3S3  nm  is  that  of  the  free  reporter 
solutions  with  concentrations  of  7.74  X 10~*M  and 
3.93  X 10"°M  for  _1  and  6 respectively.  The  ab- 
sorptions of  the  reporter  solutions  successively 
decrease  as  the  concentration  of  D'.’A  in  the  solution 
is  increased,  finally  reaching  a point  at  which  the 
free  reporters  are  fully  bound  to  DXA.  The  molar 
ratios  of  DNA-P  to  reporter  are  0.00,  0.034,  0.067, 
0.12,  0.18  and  0.39  for  1 and  0.00,  0.036,  0.052, 

0.096  and  0.19  for  6^  from  top  to  bottom  consecutively. 
The  experiments  were  carried  out  in  buffer  in 

quartz  cuvettes  having  a 10  cm  light  paui. 
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Table  3-2:  Spectrophometric  Data  of  Imides 


Compound 

free 

Amax 

F a 
bf 

X 

max 

E a 
% 

Ph 
i— i 

!HC 

ofM’V 

(nm) 

(345  nm) 

(nm) 

(345  nm) 

(nm) 

X 10"-5 

1 

J. 

345 

12,400 

345 

5,910 

368 

210 

8. 5±0. 5 

2 

345 

13,100 

348 

6,060 

368 

216 

7 . 0±  0 . 5 

3 

345 

14,000 

348 

6,200 

369 

226 

4. 1+0. 5 

4 

345 

12,300 

348 

5,850 

368 

210 

2. 2+0. 2 

S 

345 

12,300 

347 

6,100 

367 

202 

1. 2±0. 2 

a Ef  and  Eb  are  the  extinction  coefficients  of  the  free 
reporters  and  the  DNA-reporter  complexes  respectively.  The 
experiments  were  carried  out  in  MESoo  buffer  at  25°C  using 
sonicated  calf  thymus  DNA. 
b I.P.  = isobestic  point. 

S %H  = percent  hypochromicity , i.e.,  (Ef/Eb)  X 100. 

a = relative  binding  affinity.  Experiments  were  carried 
out  in  MESio  buffer  at  25°C  using  sonicated  calf  thymus  DNA. 


Table  3-3:  Spectrophotometric  Data  of  Diimides 


Compound 

^ free 
max 

F a 
bf 

aDNA 

max 

E a 
b 

I.P„b 

%HC 

a (M~ 1 ) d 

(nm) 

(383  nm) 

(nm) 

(383  nm) 

(nm) 

X 10"4 

6 

382 

26,600 

382 

9,700 

391 

274 

23±4 

7_ 

NDe 

28,800 

ND 

9,970 

ND 

289 

18+2 

8 

ND 

27,300 

ND 

9,000 

ND 

303 

30  + 3 

9 

384 

26,000 

385 

9,700 

392 

268 

40±  5 

10 

384 

26,600 

385 

12,500 

392 

213 

2 . 6± . 3 

11 

384 

27,800 

385 

9,090 

393 

306 

2 . 4± . 3 

12 

383 

26,600 

383 

10,100 

391 

263 

1 . 6± . 2 

13 

ND 

25,500 

ND 

8,430 

ND 

302 

1 . 4±  . 2 

a Ef 

and  Ep 

are  the  ext 

inction 

coefficients  of 

the  free 

reporters  and  DNA-reporter  complexes  respectively.  The  experi- 
ments were  carried  out  in  MESoo  buffer  at  25°C  and  using 
sonicated  calf  thymus  DNA. 
k I.P.  = isobestic  point. 

^ %W  = percent  hypochromicity , i.e,  , (Ef/Ep)  X 100. 
a o = relative  binding  affinity.  Experiments  were  carried 
out  in  MESio  buffer  at  25°C  using  sonicated  calf  thymus  DNA. 
e ND  = not  determined. 
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Binding  Affinities 

For  a reporter  molecule  which  interacts  with  DNA  to  form 
a complex,  the  process  could  be  represented  as  follows: 

Reporter  + DNA  Reporter-DNA  3-1 

and  the  equilibrium  constant,  K,  given  by 

r - [c  ] 

K 3_2 

[R]f[B]f 

where  [C]  is  the  molar  concentration  of  the  Reporter-DNA  com- 
plex and  [ R ] ^ and  [B]^  represent,  respectively,  the  molar  con- 
centration of  free  reporter  and  free  binding  site.  If  there 
are  multiple  binding  sites  on  DNA  then  equation  3-2  yields 

K(n-r)  = — - — 3 _ 3 

[R]f 


which  is  called  the  Scatchard  equation  (Scatchard,  1949),  where 
r is  the  ratio  of  complex  molar  concentration  to  the  DNA  molar 
concentration  in  phosphate  and  n is  the  apparent  number  of 
binding  sites  per  nucleotide.  Using  statistical  thermodynamics 
to  take  into  consideration  the  nearest  neighbor  exclusion  bind- 
ing model  (Crothers,  1968)  to  account  for  intercalation  into 
fewer  than  the  number  of  theoretically  available  sites,  Lawrence 
and  Daune  (1976)  modified  equation  3-3  to  the  following 
expression : 


r 

[R]f 


Kp  (a-n'r) 


n' 


n'  -1 


(a- (n' -l)r) 


3-4 
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where  Kg  is  the  intrinsic  binding  constant  for  an  isolated 
potential  binding  site,  n’  is  the  minimum  number  of  base  pairs 
separating  a bound  reporter  from  another  potential  binding  site 
on  the  DNA  and  a is  the  fraction  of  theoretical  binding  sites 
which  are  experimentally  available  to  the  intercalator . When 
n'=l  and  a=l,  equation  3-4  reduces  to  equation  3-3  and  when  n'=2 
and  a=l,  equation  3-4  represents  the  nearest  exclusion  model 
with  no  base  pair  specificity  and  no  bound  molecule  to  bound 
molecule  cooperativity . When  r and  [ R ] ^ are  determined  experi- 
mentally, the  y intercept  of  a plot  of  r/[R]f  versus  r,  is 
designated  as  o (Howe-Grant  and  Lippard,  1979)  and  sometimes  is 
referred  to  as  the  affinity  of  binding  (Muller  and  Crothers, 
1968).  It  should  be  noted  that  o equals  nK  and  Kg  included  in 
equations  3-3  and  3-4  respectively.  Figure  3-7  represents  the 
Scatchard  plots  of  9^  and  10_,  where  the  values  of  a for  each 
exhibit  a ten-fold  difference  (40  + 5 X 104  for  £ and  2.6  + 

4 

0.3  X 10  for  1_0)  even  though  the  same  structural  components  are 
present  but  in  different  arrangements.  The  values  for  other 
compounds  are  summarized  in  Tables  3-2  and  3-3. 

It  is  important  to  note  that  (1)  the  relative  binding 
affinites  of  diimides  in  general  are  about  ten-fold  larger 
than  those  of  the  imides  with  the  corresponding  side  chain 
(i.e.,  23  + 4 X 104  for  (3  and  8.5  +_  0.5  x 10^  for  1,  1.6  + 0.2 
X 104  for  1_2  and  1.2  +_  0.2  X 10^  for  )>)  , (2)  all  the  diimides 
of  type  A compounds  bind  to  DNA  approximately  ten  times  better 
than  those  of  type  B compounds. 
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Figure  3-7:  Scatchard  Plot  of  Piinides.  The  experiments  v:ere  carried 
out  by  titrating  reporter  9(0)  and  10  f X)  into  a DMA 
solution  jdth  concentration  of  1.0  X lfT-’  M-P/l  and 
S.5  X 10  ' M-P/l,  respectively.  THe  results  were  plotted 
as  r/[R]^  versus  r where  [R]f  is  tlic  nolar  concentration 
of  free  reporter  and  r is  the  r.olar  concentration  ratio 
of  Reporter- DMA  con pi  ex  to  DXA-P.  These  experinents  were 
carried  out  at  25°C  in  MES-,„  buffer  with  cell  path  length 
1 cn  for  9_  and  10  cm  for  10.  The  o value  was  obtained  by 
extrapolating  the  linear  area  of  low  r value  (<0.07)  of  the 
curve  to  r=0.0. 


Unwinding  Angle  Studies 

Applying  Vinograd's  method  (Revet  et  al.,  1971),  the 
unwinding  of  CCS-DNA  was  quantitatively  determined  by  several 
viscometric  titrations  at  varying  DNA  concentrations.  The 
results  were  analyzed  using  equation  1-4  where  all  quantities 
are  those  determined  at  the  principle  maximum  in  a viscometric 
titration. 

Figure  3-8  represents  a viscometric  titration  of  CCS-DNA 
with  ethidium  bromide,  4^,  (3,  1_0  and  11 . The  total  drug  concen- 
tration (N  ) needed  to  achieve  the  principle  maximum  having  the 
maximum  value  of  ncomplex^/r)  DNA  was  caicuiate(j . Then  tjie 

values  of  C^  and  N^.  were  plotted  using  Vinograd  and  coworkers ' 
method  (Revet  et  al.,  1971).  The  results  are  shown  in  Fig.  3-9. 
The  slopes  of  these  plots  (v)  were  applied  to  equation  1-5  to 
calculate  the  unwinding  angles  by  using  ethidium  bromide  (26°) 
as  standard.  These  results  are  summarized  in  Table  3-4.  It  is 
important  to  note  that  all  the  imides  and  diimides  without  any 
substituted  groups  on  the  carbon  adjacent  to  the  chromophore  have 
an  unwinding  angle  of  10.5  +_  1.0°  and  14.5  + 1.0°  respectively. 
Furthermore , the  unwinding  angle  of  type  B and  type  C diimides 
varied  form  13°  to  4°.  It  should  be  noted  that  10°  is  the  lowest 
unwinding  angle  that  has  been  reported  in  the  literature  (Waring, 
1971)  and  that  compounds  4_  and  12_  have  an  angle  of  4°. 

Dissociation  Studies 

Figure  3-10  represents  a figure  of  the  oscilloscopic  trace 
of  the  dissociation  of  6_  from  the  DNA-6^  complex  by  mixing  with 
1 % SDS  solution  and  following  at  383  nm. 
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[Reporter] / [DNA-P] 


Figure  3-8:  Viscometric  Titrations  of  Closed  Circular  Supercoiled 

DNA.  The  relative  reduced  specific  viscosity  ratios 
of  ethidium  bromide  ( a ) , 41(  a ) , 6(0),  10(*)  and 
11(4 ) are  plotted  versus  molar  ratios  oT  reporters 
to  DNA-phosphate . The  experiments  were  performed  by 
titrating  reporters  into  a 8.4  X 10"^H-P/1  solution 
of  CCS-DNA  at  25°C  in  MESqq  buffer. 
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Figure  3-9:  Vinograd's  Plot  of  Reporters.  The  viscometric  ti- 

trations for  ethidium  bromide (<>),  2_(v),  5_(A), 

8_(  x ) , 10_(  a ) , bL  ( O ) and  12  ( ♦ ) are  plotted  as 
total  reporter  molar  concentration  versus  DNA- 
phosphate  molar  concentration.  The  titrations 
were  conducted  at  25°C  in  MESqq  buffer. 
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Table  3-4:  Apparent  Intercalation  Unwinding  Angles  of  Imides 

and  Diimidesa 


Compound 

V 

Unwinding  Angle 
(degree) 

Ethidium  bromide 

0.034 

(26 . 0) b 

1 

0.082 

10. 8±0. 4 

2_ 

0,085 

10.4+0.4 

3 

0.11 

8 . Oil . 0 

4 

0.21 

4. 3 + 0. 5 

5 

0.11 

8. 0±0. 5 

6 

0.061 

14.5+0.4 

7 

0.060 

14.7+0.5 

8 

0.060 

14.7+0.5 

9 

0.063 

14.0+0.4 

10 

0.10 

8. 8±0. 4 

n 

0.21 

4. 3 + 0. 5 

12 

0.068 

13.0+0.4 

a The  experiments  were  carried  out  at  25.0+0.2°C  in  MESnn 
D This  value  is  used  as  a standard. 
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Transmittance 


Figure  3-10:  Oscilloscopic  Trace  Obtained  for  the  Dissociation 

of  Calf  Thymus  DMA- 6^  Complex.  The  curves  correspond 
to  time  scales  of  0.5  sec/div. , 1 sec/div. , 2 sec/div., 
and  5 sec/div.  from  top  to  bottom  respectively.  The 
bottom  horizontal  line  is  the  base  line  at  which  the 
dissociation  reactions  were  completed.  The  reactions 
were  followed  at  383  nm  and  with  the  time  constant  as 
5 msec.  The  experiments  were  performed  in  MES,n  buffer, 
[DNA]  = 4.0  X 10"SM-P/1,  [6]  = 2.08  X lO'^M  and  with 
11  SDS  in  MES-^g  buffer. 
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As  previously  discussed  in  chapter  2,  the  transmittance 
change  is  directly  proportional  to  the  absorption  change  in 
the  course  of  the  experiments  that  were  carried  out.  There- 
fore, the  distance  from  the  base  line  to  the  corresponding 
points  on  the  curves  at  various  time  scales  is  measured  in 
cm  and  plotted  as  a logarithmic  function  of  time.  The  correspond 
ing  first  order  rate  plots  obtained  from  Fig.  3-10  at  a time 
scale  of  0.5  sec/div.  and  1.0  sec/div.  are  shown  in  Fig.  3-11. 

A linear  region  is  observed  in  the  first  order  rate  curve  plotted 
The  deviation  obtained  at  low  time  values  in  Fig.  3-11  suggests 
that  an  additional  dissociation  process  may  be  occurring.  In 
order  to  resolve  this  possibility  involving  two  dissociation 
rates,  additional  studies  and  a more  sensitive  instrument  would 
be  required. 

The  dissociation  process  of  all  DNA-imide  complexes,  i.e., 
complexes  of  compounds  i^-_5  with  DNA,  are  too  fast  to  be  studied 
by  the  stopped-flow  techniques,  i.e.,  half-life  < dead  time  of 
the  machine.  The  dissociation  rates  of  diimides  at  various 
temperatures  are  summarized  in  Table  3-5.  Several  important 
points  should  be  emphasized:  (1)  The  dissociation  rates  for 

all  compounds  increase  as  the  temperature  increases.  (2)  Com- 
pounds 1_2  and  1J5  have  the  fastest  dissociation  rates  at  25°C 
among  all  the  diimides,  i.e.,  about  3-4  times  faster  than 
those  of  type  C imides.  (3)  The  order  of  dissociation  rates  of 
the  diimides,  in  general,  are  as  follows:  Type  B > Type  A > 

Type  C.  (4)  Both  type  C compounds  have  almost  identical  dis- 
sociation rate  constants  at  various  temperatures.  Furthermore, 
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Time 


Figure  3-11:  First  Order  Rate  Plot  for  the  Dissociation  of  Calf 

Thymus  DMA -6  Complex.  The  time  scale  used  is  either 
0.5  sec/div.  (•)  or  1.0  sec/div.  (O).  The  reaction 
was  followed  at  383  ran.  D is  the  distance  from  the 
baseline  to  the  corresponding  paints  on  the  curves  at 
various  times  (see  Figure  3-9). 


Table  3-5:  Pseudo  First  Order  Rate  Constants  for  the  Dissociation  of  Diimide-DNA  Complexes 
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Arrhenius  plots  were  constructed  by  using  the  data  in  Table  3-5 
and  are  shown  in  Fig.  3-12.  The  activation  energies  of  the  dis- 
sociation process  were  calculated  by  applying  the  Arrhenius 
equation  and  are  listed  on  the  last  column  on  Table  3-5.  All 
compounds  have  activation  energies  around  18+2  kcal/mole. 

Association  Studies 

All  the  association  studies  were  done  using  a similar  method 
as  for  the  dissociation  except  that  the  reporter  solutions  and 
DNA  solutions  were  mixed  together  and  their  transmittance  change 
was  followed. 

Table  3-6  summarizes  the  observed  rate  constants  for  the  re- 
action at  a variety  of  concentrations  of  reporters  with  a solution 
of  4.0  X 10  N-P/l  calf  thymus  DNA.  For  all  the  reporters,  it  was 
found  that  the  observed  pseudo  first  order  rate  constants  do  not 
depend  on  the  initial  concentration  of  reporter.  Furthermore,  the 
first  order  rate  constants  of  type  C diimides  are  approximately 
only  one-tenth  of  the  rate  of  type  A diimides  and  the  rate  of 
type  B diimides  falls  in  between  those  two  types  of  diimides, 
i.e.,  half  of  the  average  of  type  A diimides. 

With  compounds  7_,  8^  and  1_0  the  effects  of  DNA  concentration 
on  the  association  rate  of  interaction  with  it  were  further 
studied.  The  results  are  summarized  in  Table  3-7  and  the  plots  of 
apparent  first  order  association  rate  constant  versus  DNA  concen- 
tration are  shown  in  Fig.  3-13.  From  this  plot  a linear  relation- 
ship for  each  of  the  three  compounds  was  observed.  According  to 
equation  4-2,  this  indicates  that  the  association  reaction  is 
first  order  respect  to  the  molar  concentration  of  reporter. 
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Figure  3-12:  Arrhenius  Plot  of  Diimides.  The  dissociation  rates 

of  60),  8(D),  9(0),  10(D)  and  11(A)  conplexed 
with  calf  thymus  DMA.  (4.0  X 10-5M-P7T)  are  plotted 
versus  1/T.  experiments  were  conducted  in  J!ES,n 
buffer. 
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Table  3-6:  Pseudo  First  Order  Rate  Constants  for  the 

Association  of  Various  Concentrations  of  Diimides 
with  Calf  Thymus  DNAa 


Compound 

[Reporter] 

(106M) 

k b 

obs 

(sec-  ) 

[Reporter] 

(106M) 

W [Reporter]  kQb 
(sec  x)  (10°M)  (sec-1 

6 

2.08 

4.4 

3.19 

4.4 

7 

2.41 

2.9 

4.89 

2.9 

8 

2.57 

4.2 

4.37 

4.2  1.28  4.3 

9 

2.50 

4.1 

4.80 

4.3 

10 

2.26 

0.27 

4.56 

0.29  1.36  0.24 

11 

2.51 

0.14 

4.18 

0.12 

12 

2.61 

2.2 

4.38 

2.0 

11 

2.42 

1.9 

4.86 

1.8 

a Concentration  of  DNA  was  4.0  X 10“^M-p/l.  The  experiments 
were  carried  out  in  MESio  buffer  at  2 5<*C. 

b The  unit  of  k0bs  is  sec'l.  These  are  apparent  association 
rate  constants  obtained  in  the  presence  of  a large  excess  of  DNA. 
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The  slopes  and  the  extrapolated  intercepts  at  infinite 
dilution  of  DNA  were  determined  by  a least  quare  linear  regres- 
sion computer  program  and  are  summarized  in  Table  3-8.  The 
slopes  obtained  in  Fig.  3-13  yield  the  real  association  rate 
constants  and  the  intercepts  represent  the  dissociation  rate 
constants.  Tne  real  association  rate  constants  for  compounds 

_8  and  1_0  obtained  from  the  direct  measurements  or  calculations 
are  also  listed  in  Table  3-8. 
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Figure  3-13:  Apparent  First  Order  Rate  Constant  Versus  DMA  Concen- 

tration Plot.  The  data  summarized  in  Table  3-7  for 
compounds  7_(x),  J3(A)  and  1£( O ) along  with  the  con- 
centrations of  DMA  were  used  to  plot  the  graph  shown. 
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Table  3-8:  Slope  and  Intercept  Values  Obtained  from  the 

First  Order  Apparent  Association  Rate  Constants 
Versus  DNA  Concentration  Plota 


Compound 

Slope 

Intercept 

k b 
Kd 

(sec~1*M_1) 

(sec” 4) 

(sec  4) 

7 

3.3  X 104 

lol 

0.52 

8 

4.3  X 104 

1.4 

0.68 

10 

2.5  X 103 

0.14 

0.066 

1 


a 


eas 

b 


The  slopes  and  intercepts  are  calculated  by  using 
t square  regression  computer  program. 

These  values  are  taken  from  Table  3-5  (25°C). 
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CHAPTER  4 
DISCUSSION 


Circular  Dichroism  Studies 

All  the  naphthyl  imides  and  diimides  show  significant 
induced  CD  spectra  in  the  presence  of  DNA.  This  would  imply  that 
these  compounds  bind  to  DNA.  However,  it  should  be  pointed  out 
that  the  type  of  binding  interaction,  either  electrostatic  or 
otherwise,  cannot  be  simply  determined  by  this  technique.  The 
asymmetry  of  the  binding  sites  in  DNA  leads  to  induced  CD 
spectra  which  are  too  complicated  to  interpret.  As  shown  in 
Fig.  3-3  to  3-5,  the  induced  CD  spectra  of  the  naphthyl  imides, 
for  example,  _1,  is  somewhat  different  from  the  rest  of  the 
imides  and  also  different  from  those  of  the  naphthyl  diimides. 
Even  among  the  diimides,  the  induced  Cd  spectra  of  type  A com- 
pounds are  significantly  different  from  those  of  type  B compounds. 
This  difference  most  likely  arises  from  the  variation  in  their 
molecular  structure  which  leads  to  different  interactions  of 
these  molecules  with  DNA. 

It  is  interesting  to  examine  the  similarities  and  differ- 
ences among  type  A naphthyl  diimides.  Because  the  chiral  center 
in  compound  9^  is  four  carbons  away  from  the  intercalating  ring 
system,  it  thus  induces  small  optical  activity  in  the  range 
analyzed  in  this  experiment.  Regardless  of  this,  compound 
9.  still  exhibits  a great  similarity  to  6 and  8,  such  as  the 
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shape  of  the  induced  CD  curve  and  the  two  crossover  points  at 
330-345  nm  and  430-440  nm.  The  most  important  point  is  the 
positively  induced  CD  at  500  nm.  These  similarities  are  most 
probably  due  to  their  analogous  structures,  and  suggest  that 
their  manner  of  interacting  with  DNA  may  be  similar.  On  the 
other  hand,  comparing  compound  7_  with  other  type  A compounds, 
very  few  analogies  in  the  induced  spectra  can  be  observed  with 
respect  to  6^,  8^  and  9^.  The  only  difference  between  6^  and  1_  is 
that  6_  has  a tertiary  amino  group  while  7_  has  a quaternary  amino 
group.  Therefore,  it  would  be  expected  to  exhibit  a very  similar 
induced  CD  spectrum  to  the  rest  of  type  A diimides.  Surprisingly, 
it  exhibits  quite  a different  spectrum,  the  main  reason  for  this 
being  still  not  completely  understood. 

Viscosity  Studies 

Sonicated  DNA  is  known  to  be  a rod-like  molecule.  As 
previously  discussed  in  the  first  chapter,  the  viscosity  of  a 
reporter-DNA  complex  solution  is  a function  of  the  contour 
length  change  of  the  nucleotide.  Moreover,  the  intercalation 
of  the  reporter  molecules  to  DNA  results  in  the  unwinding  and 
length  increase  of  DNA  molecules.  As  shown  in  Fig.  3-1  and 
3-2,  all  the  naphthyl  imides  and  diimides  cause  the  relative 
specific  viscosity  rnComP-*-ex/ to  increase  as  the  con- 
centration  of  the  reporter  is  increased.  This  is  consistent 
with  the  idea  that  these  compounds  interact  with  DNA  by  inter- 


calation. 
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Since  these  viscosity  studies  were  carried  out  at  near 

infinite  dilution  of  DNA,  the  relative  values  of  n at  satur- 

'sp 

ation  are  close  approximations  to  the  relative  values  of  the 
intrinsic  viscosities  of  reporter-DNA  complexes.  Since  the 
relative  intrinsic  viscosity  of  DNA  increases  with  increasing 
length,  the  order  of  increasing  relative  intrinsic  viscosities 
reflects  the  order  of  increasing  effective  length  of  the  helix. 
It  is  interesting  to  note  that  the  ratio  n comPlex/ nDNA  for 
the  naphthyl  imides  at  saturation  decreases  in  the  order  of 
I > 2 > 2 > 1-  Moreover,  the  value  for  4 lies  between  1.4  and 
1.5,  which  is  significantly  smaller  than  for  the  other  naphthyl 
imides.  Since  the  values  for  all  the  naphthyl  diimides  lie 
between  1.9  and  2.2,  meaning  that  the  contour  length  increases 
with  similar  magnitude  for  all  of  them,  the  best  explanation 
for  the  low  relative  intrinisc  viscosity  increase  of  compound 
4-  is  nonclassical  intercalation  as  explained  below. 

Gabbay  and  coworkers  (1973b)  synthesized  a series  of  sym- 
metrically and  unsymmetrically  methylated  phenanthrolines  to 
study  their  interactions  with  DNA.  They  found  that  the  extent 
of  viscosity  increased  depended  on  the  position  of  the  methyl 
group (s)  on  the  ring.  For  two  compounds  with  five  methyl  groups 
arranged  around  the  ring,  the  viscosity  increased  more  than  for 
the  unsubstituted  compounds.  The  authors  attributed  this  effect 
to  the  increased  effective  thickness  of  the  ring  system  when  the 
ring  is  extensively  methylated.  In  addition,  they  found  that  an 
unsymmetrically  trimethylated  derivative  showed  a dramatically 
small  amount  of  viscosity  increase  on  complex  formation.  This 
was  explained  by  the  authors  by  postulating  that  while  the 
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asymmetrically  trimethylated  compound  was  bound  by  intercalation, 
at  the  same  time  caused  bending  of  the  double  helix.  Therefore, 
the  net  result  was  a smaller  increase  in  the  effective  hydro- 
dynamic  length  and  viscosity  than  would  have  been  produced  if 
a classical  binding  mechanism  was  operative. 

Comparing  the  structures  of  1_  and  4_,  one  can  see  that 
compound  4_  has  a very  bulky  group  at  the  a-carbon  to  the  ring 
while  1 does  not.  This  difference  in  bulk  may  cause  a signi- 
ficant change  in  the  interaction  with  DNA  as  schematically 
shown  in  Fig.  4-1.  For  compound  l_,  since  there  is  no  steric 
hindrance,  the  naphthyl  ring  is  allowed  to  have  maximum  overlap 
with  the  two  adjacent  base  pairs.  The  same  phenomenon  is 
expected  to  be  observed  for  type  A naphthyl  diimides.  Compound 
4-  has  a bulky  adamantyl  amide  group  at  the  carbon  adjacent  to 
the  naphthyl  imide  ring.  The  interaction  of  this  bulky  group 
with  the  bases  and  the  phosphate  backbone  prohibits  the  full 
insertion  between  two  consecutive  base  pairs.  Therefore,  the 
interaction  of  £ with  DNA  still  causes  the  base  pairs  to  sep- 
arate about  3.4X  to  allow  the  intercalation  but  the  main  axis 
of  the  helix  is  bent  and  causes  the  contour  length  increase  of 
the  DNA-4_  complex  to  be  not  as  significant  as  for  compounds 
such  as  1^  and  naphthyl  diimides  which  follow  the  classical 
intercalation  model.  Moreover,  the  reason  why  compound  11 , 
having  the  same  side  chain  as  compound  4^,  does  not  show  non- 
classical  intercalation  could  be  due  to  two  possibilities. 

The  first  one  is  that  the  additional  imide  moiety  bound  to  the 
naphthalene  ring  in  the  diimide  allows  the  ring  to  be  trapped 
between  the  base  pairs  without  significant  perturbation  of  the 
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Figure  4-1:  Classical  and  Nonclassieal  Intercalation  Models  tor 

Reporter-DNA  Interaction.  (A)  Intercalation  of  1^, 
which  has  no  bulky  groups  at  the  carbon  adjacent~~to  the 
ring.  It  therefore  exhibits  classical  intercalation. 

(B)  intercalation  of  compound  _4,  which  has  a bulky 
group  at  the  carbon  adjacent  to~the  ring.  Therefore, 
this  molecule  is  allowed  to  have  partial  intercalation 
in  a nonclassieal  fashion  and  the  helix  is  bent. 

(C)  intercalation  of  type  A diimides  (6,  7_,  8^  and 
9) , ivhich  exhibit  classical  intercalation.  (D)  In- 
tercalation of  type  B and  C diimides  CLU,  iM,  12_  and 
13) . The  long  axis  of  the  intercalator  extends  long 
enough  to  allow  the  bully  groups  to  occupy  the  major 
and  minor  grooves  and  therefore  show  classical  inter- 
calation. 
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bases  of  the  DNA  backbone  by  the  bulky  side  chains.  The 
other  possibility  is  that  since  1_1  has  a bulky  side  chain  on 
each  side  of  the  ring  and  in  the  £1-DNA  complex  these  chains 
are  found  at  opposite  sides  of  the  base  pairs,  the  perturbation 
from  each  side  is  cancelled.  This  nonclassical  behavior  could 
also  partly  explain  the  relatively  low  relative  intrinsic  viscos- 
ity of  compound  _3.  Also,  the  size  of  the  amide  group  on  the  side 
chain  of  £ is  much  smaller  than  that  of  the  adamantyl  amide  of 
4-.  This  clearly  explains  the  smaller  increase  in  the  relative 
intrinsic  viscosity  for  4_.  It  should  be  noted  that  this  non- 
classical  intercalation  model  was  further  supported  by  Kapicak 
and  Gabbay's  study  of  the  interaction  of  aromatic  substituted 
diammonium  cations  with  DNA,  in  which  they  found  that  if  the 
bending  of  the  helix  caused  by  the  diammonium  cations  is  large 
enough,  the  net  apparent  helix  contour  length  could  actually  de- 
crease (Kapicak  and  Gabbay,  1975).  Further  evidence  was  obtained 
from  the  X-ray  results  of  Sobell's  group  (Sobell  et  al . , 1978) 
in  which  they  studied  the  intercalation  of  ethidium  bromide 
with  dinucleotides  and  found  that  phenyl  and  ethyl  groups  are 
located  in  the  minor  groove  and  the  helix  is  bent  toward  the 
major  groove  at  the  intercalation  point.  Davidson  et  al. 

(Davidson  et  al.,  1975,  1977a,  b)  dealt  with  the  berberinium 
ion  and  with  several  bulky  substituents  on  quinoline  derivatives 
and  also  gave  support  to  the  bending  mechanism.  Unfortunately, 
the  wide  variation  in  the  viscosity  increases  of  the  naphthyl 
imides  besides  being  explained  by  the  nonclassical  model  could 
also  be  due  to  electrostatic  outside  binding  of  £ to  the  phosphate 
backbone.  This  possibility  could  be  eliminated  by  conducting 
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the  viscosity  titration  in  a higher  salt  buffer  (such  as  MES^g) 
rather  than  the  one  used  (MESgg)  to  eliminate  the  outside 
binding . 


Binding  Studies 

The  hypochromic  effect  observed  for  all  reporter  molecules 
could  be  taken  as  being  evidence  for  an  intercalation  model. 

In  general,  the  naphthyl  imides  and  diimides  do  not  self-stack 
up  to  concentrations  of  8 X 10  and  4 X 10  for  imides  and 
diimides,  and  for  some  cases  even  twice  as  high,  based  on  Beer's 
law.  However,  this  does  not  exclude  the  possibility  of  induced 
self-stacking  as  a result  of  electrostatic  interactions  with 
the  DNA  phosphate  backbone  at  closely  spaced  intervals.  This 
possibility  could  be  reduced  by  performing  the  experiments  in 
a high  ionic  strength  buffer  such  as  MES^g.  It  is  also  possible 
that  the  hypochromicity  could  be  due  to  a combination  of  electro- 
static and  intercalation  binding  modes. 

Tables  3-2  and  3-3  include  the  isobestic  points  which  were 
observed  for  most  compounds.  The  isobestic  point  is  that  at 
which  free  and  bound  molecules  have  the  same  extinction  coeffi- 
cient. The  presence  of  an  isobestic  point  in  the  case  of  each 
compound  suggests  that  possibly  only  one  free  and  one  bound  form 
are  present  in  the  titrated  solution  of  reporter  with  DNA  since 
all  spectra  pass  through  this  crossover  point.  It  should  be 
noted  that  if  more  than  one  type  of  bound  form  were  present, 
they  should  exhibit  the  same  extinction  coefficient  at  the  same 
wavelength  in  order  to  show  an  isobestic  point,  which  then  be- 
comes very  unlikely.  It  is  not  too  surprising  to  find  that 
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among  all  free  naphthyl  imides  the  extinction  coefficients  vary 
less  than  10$  from  each  other.  This  could  be  explained  by  the 
variations  of  the  structure  at  the  side  chain  so  that  the  per- 
turbation of  the  naphthyl  imide  ring  is  not  very  noticeable. 

The  same  phenomenon  was  observed  for  the  naphthyl  diimides. 

Two  interesting  points  were  observed  in  the  binding 
affinity  study.  First,  the  relative  binding  affinities  of  the 
naphthyl  diimides  are  about  ten-fold  greater  than  those  of  imides 
with  corresponding  side  chains.  This  could  be  due  to  several 
possible  factors.  These  are  as  follows:  (1)  The  naphthyl  imides 

contain  an  electron  withdrawing  imide  group  attached  to  the 
naphthalene  ring  while  there  are  two  of  these  in  the  case  of  the 
diimides.  Panter  et  al.  (1973)  indicate  that  for  the  same  ring 
system,  an  electron  withdrawing  group  enhances  the  binding  con- 
stant. Therefore,  the  imide  groups  make  the  naphthalene  ring  of 
the  diimides  more  electron  deficient  than  that  of  the  imides.  Un 
fortunately,  the  effect  of  the  electron  density  on  the  binding 
constant  is  unknown.  (2)  All  the  naphthyl  imide  reporters  con- 
tain only  one  positive  charge  in  the  buffer  used  while  there 
are  two  positive  charges  in  the  naphthyl  diimides.  Therefore, 
the  weaker  binding  affinity  of  the  imides  might  be  due  to  the 
lack  of  a positive  charge  able  to  electrostatically  interact 
with  the  phosphate  anion  on  the  helix  backbone.  DeStefano 
(1973)  compared  the  binding  affinity  of  N- [ 2 -dimethyl - 
(N* - trimethylammonium  ethyl) ammoniumethyl]  - 1 , 8 -naphthalene 
dicarboxylic  imide  dibromide  with  N , N ' -b i s [2 -benzyldimethyl - 
ammonium  ehty 1 ]- 1 , 4 , 5 , 8 -naphthalene  tetracarboxylic  1, 8:4,5- 
diimide  dichloride,  whose  structures  are  shown  in  Fig.  1-6 


and  found  that  in  BPES  (0.08  M Na^IiPO^,  0.02  MNa2HPO^,  0.18  M 
NaCl,  0.01  M disodium  salt  of  EDTA  and  pll  6.9)  with  0.18  M 
Na+  the  binding  constants  are  2,510  M~4  and  10,240  M~4  respec- 
tively. This  indicated  that  for  naphthyl  imides  with  two 
positive  charges  in  aqueous  solution,  the  binding  constant  is 
still  four  times  as  low  as  that  of  the  corresponding  naphthyl 
diimide  derivatives.  (3)  When  imides  bind  to  DNA , the  side 
chain  occupies  either  the  major  or  minor  groove.  The  naphthalene 
ring  interacts  with  the  bases  through  hydrophobic  interactions, 
but  still  is  able  to  freely  move  in  and  out  of  the  space  be- 
tween the  adjacent  base  pairs.  However,  in  the  case  of  the 
naphthyl  diimide  reporters,  after  the  intercalation  process, 
one  of  the  side  chains  lies  in  the  major  groove  while  the  other 
is  in  the  minor  groove  and  the  positive  charge  on  the  side 
chains  may  electrostatically  interact  with  the  phosphate  anion. 
Therefore,  the  diimide  molecule  is  trapped  between  the  base 
pairs  and  in  order  to  be  released,  one  of  the  side  chains  has 
to  be  removed  from  the  phosphate  backbone  and  pass  through  a 
very  hydrophobic  region.  This  process  is  not  as  easy  as  that 
in  the  case  of  the  imide  reporters,  which  just  "slip  out" 
from  between  the  base  pairs.  (4)  Since  so  far  no  intercalators 
have  had  their  binding  affinity  to  DNA  systematically  studied 
from  the  aspect  of  changing  the  number  of  rings,  it  is  difficult 
to  predict  the  effect  of  changing  from  the  four  rings  of  the 
naphthyl  diimides  to  the  three  rings  of  the  imides. 

The  second  interesting  point  is  that  the  relative  binding 
affinity  among  the  naphthyl  diimides  varies  from  an  average 
of  28  X 104M_1  for  type  A diimides  to  1.5  X lO'Sr1  and  2.5  X 104M_1 
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respectively  for  type  B and  type  C compounds^  Since  all  of 
these  diimides  have  the  same  naphthyl  diimide  as  the  inter- 
calating moiety  and  two  positive  charges  in  the  buffer  used, 
the  electronic,  electrostatic  and  ring  size  effects  as  previously 
discussed  are  about  the  same.  From  model  building,  one  can  easi- 
ly see  that  the  substituted  groups  on  the  carbon  adjacent  to  the 
ring  such  as  in  type  B and  C compounds  prohibit  the  two  adjacent 
base  pairs  to  have  as  much  overlaping  as  in  those  compounds  with- 
out such  substituted  groups,  as  for  example,  in  type  A compounds. 
These  observations  are  further  supported  by  the  results  of  the 
unwinding  angle  studies,  which  will  be  discussed  in  the  next  sec- 
tion. This  smaller  amount  of  overlaping  could  result  in  a de- 
crease in  the  hydrophobic  interaction  and  a decrease  of  the 
binding  affinity.  Moreover,  the  substituted  group  in  type  B and 
C compounds  could  possibly  distort  the  structure  of  the  base 
pairs,  i.e.,  interfere  with  the  hydrogen  bonding  of  the  two  bases 
or  tilt  the  bases  out  of  their  planar  arrangement.  Either  the 
smaller  amount  of  overlaping  or  the  distortion  of  the  bases  or 
their  combination  may  explain  the  relative  binding  affinity  vari- 
ation among  the  diimides.  It  is  also  noted  that  the  relative 
binding  affinity  of  naphthyl  imides  also  increases  in  the  same 
order  as  the  increasing  ring  interacting  ability,  based  on  their 
steric  feature,  i.e.,  _1  and  1_  > j5,  4_  or  _5. 

Unwinding  Angle 

When  an  intercalator  interacts  with  DNA,  the  adjacent  base 

O 

pairs  have  to  separate  by  3.4A.  The  local  unwinding  of  base 
pairs  needed  in  the  process  to  create  this  space  is  still  not 
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well  understood.  It  would  thus  be  interesting  to  bring  this 
problem  under  closer  scrutiny.  . 

In  order  to  achieve  this,  several  experiments  afforded  the 
data  shown  in  Table  3-4.  It  indicates  that  among  the  naphthyl 
diimides,  the  unwinding  angle  varies  from  14.7°  to  4.3°  and  tnat 
furthermore,  type  A compounds  exhibit  the  same  unwinding  angle, 
14.5  +_  0.5°.  Compound  12_  shows  13°  of  unwinding  angle  and  for 
the  two  type  C compounds,  it  varies  as  the  size  of  the  side  chain 
is  increased,  decreasing  from  8.8°  to  4.3°. 

As  was  seen  from  previous  data,  the  four  type  A compounds 
show  a very  similar  interaction  with  DNA  due  to  their  similarity 
in  structure.  Therefore,  it  is  not  too  surprising  to  see  that 
they  exhibit  the  same  unwinding  angle.  On  the  other  hand,  the 
fact  that  the  unwinding  angle  decreases  as  the  size  of  the  sub- 
stituted groups  on  the  ot-carbon  to  the  ring  increases  suggests 
that  it  possibly  is  related  to  the  interactions  of  the  reporters 
with  the  two  adjacent  base  pairs  in  the  DNA  strands.  If  there 
is  a high  degree  of  base  stacking  when  the  intercalator  inserts, 
a large  amount  of  unwinding  results  due  to  the  favored  hydro- 
phobic  interactions.  The  high  degree  of  unwinding  angle  shown 
by  type  A compounds  occurs  because  the  minimal  steric  hindrance 
of  the  side  chain  allows  the  long  axis  of  the  diimides  to 
approach  in  a parallel  fashion  to  the  long  axis  of  the  base  pairs 
and  achieve  maximum  overlaping.  When  the  size  of  the  substitu- 
ted group  increases,  the  long  axis  of  the  diimide  is  shifted 
from  being  parallel  to  perpendicular  with  respect  to  the  base 
pairs’  long  axis.  This  is  schematically  represented  in  Fig.  4-2. 
It  should  be  noted  that  the  unwinding  angles  for  the  naphthyl 
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Figure  4-2:  Schematic  Representation  of  the  Unwinding  Angle  of 

the  Diimides.  Top  view  of  two  adjacent  base  pairs 
with  and  without  intercalator  is  shown.  (A)  The  long 
axes  of  the  base  pairs  from  a 36°  angle  between  each 
other.  (B)  Type  A diimides  are  allowed  to  haA^e  a high 
degree  of  overlaping  with  the  base  pairs  and  15°  imwinding 
angle  is  observed.  (C)  Type  C diimides  exhibit  a small 
unwinding  angle  value  due  to  the  bulky  group  on  the 
carbon  adjacent  to  their  rings. 
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imides  also  decrease  as  the  size  of  the  substituted  groups  at 
the  a-carbon  to  the  ring  increase,  i.e,,  the  order  of  the  un- 
winding angle  is:  1_,  2_  > _3  = 5_  > 4_.  For  other  ring  systems 

having  a more  complicated  structure,  such  as  ethidium  bromide, 
acridine  and  anthracycl ine , too  many  factors  are  involved  which 
may  affect  the  unwinding  angle.  They  include  the  number  of  rings, 
the  shape  of  these  and  the  various  side  chains  which  they  may 
have.  It  then  becomes  very  difficult  to  compare  angles  among 
them . 

The  10°  unwinding  angle  of  the  anthracycl ine  compounds 
(Waring,  1971)  is  the  lowest  value  that  has  been  found  to  date. 

The  4.3°  value  for  4_  and  1_1_  should  now  replace  this  number.  But, 
is  this  the  lowest  unwinding  angle  possible  from  a theoretical 
point  of  view?  From  equation  1-2,  v is  defined  as  the  ratio 
of  molar  concentration  of  bound  intercalator  to  DNA  concentrat- 
tion.  According  to  the  nearest  neighbor  exclusion  principle 
discussed  in  chapter  1,  the  maximum  v is  0.25  if  the  DNA  con- 
centration is  expressed  in  molar -phosphate  per  liter.  This 
value  of  v means  that  one  intercalator  will  be  found  every  four 
bases.  If  we  assume  that  v corresponds  to  the  maximum  vis- 
cosity in  a CCS-DNA  titration  and  apply  it  to  equation  1-5 
using  the  26°  unwinding  angle  of  ethidium  bromide  as  a standard, 
the  minimum  unwinding  angle  obtained  is  3.6°.  The  values  found 
for  compounds  -4  and  _11_  are  only  0.7°  larger  than  this  theoretical 
minimum  angle.  This  becomes  then  an  indirect  evidence  that 
supports  the  nearest  neighbor  exclusion  principle.  It  should 
be  pointed  out  that  Jones  et  al.  (1980)  found  that  4-amino- 
quinaldine  and  9 - amino- 1 , 2 , 3 , 4 - tetr ahydroacr idine  could  show 
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a very  low  unwinding  angle  at  low  ionic  strength  and  that  this 
was  explained  in  terms  of  an  outside  non- intercalative  binding 
competing  with  intercalation  in  the  case  of  these  weakly  bind- 
ing molecules.  This  outside  binding  could  be  minimized  by 
performing  the  experiments  in  a high  ionic  strength  buffer. 

They  also  found  that  the  unwinding  angles  for  those  molecules 
with  binding  constants  greater  than  10  are  not  salt  dependent. 
This  would  then  support  the  conclusion  that  the  4 0 unwinding 
angle  of  4_  and  _11  is  not  due  to  outside  binding,  since  these 
two  compounds  exhibit  a strong  binding  affinity  in  MESQ0  buffer. 

Kinetic  Studies 

Association 

Figure  3-12  represents  a plot  of  apparent  association  rate 
constants  versus  DNA  concentration  for  compounds  7,  8^  and  HL 
Data  from  these  three  compounds  fit  exponentials  for  a single 
equilibrium  between  reporter  (R)  and  DNA.  According  to  the 
following  equation: 

k. 

R + DNA  ^ .. a R-DNA  4-1 

kd 

the  apparent  rate  constant  kQbs  fits  the  relation 

kobs  = kaIDNA!  * kd  4-2 


It  should  be  noted  that  the  concentration  of 
into  the  rate  equation  because  it  is  present 
all  times  during  the  course  of  the  reaction, 
into  the  observed  first  order  rate  constant. 


DNA  does  not  enter 
in  large  excess  at 
thus  being  included 
As  shown  in  Fig.  3-13 
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the  apparent  rate  constant  varies  linearly  with  DAN  concentra- 
tions and  a single  pseudo  first  order  is  observed.  Furthermore, 
the  slope  and  intercept  of  this  plot  represents  the  real  assoc- 
iation constant  and  dissociation  rate  constant  respectively. 

As  shown  in  Table  3-8,  the  results  obtained  from  the  slope  and 
intercepts  agree  with  those  obtained  from  association  and  dis- 
sociation experiments,  within  a factor  of  one. 

From  Table  3-6  it  can  be  seen  that  the  pseudo  first  order 
rate  constants  vary  in  general  as  the  type  of  naphthyl  diimide 
is  changed.  For  example,  the  average  association  rate  constant 
of  type  A diimides  is  about  twice  as  high  as  that  of  type  B 
compounds  and  twenty  times  higher  than  that  of  type  C.  This 
strongly  indicates  that  the  rate  of  the  association  process  is 
highly  dependent  on  the  side  chain  of  the  diimide.  The  insertion 
of  one  of  the  two  side  chains  through  the  hydrophobic  area  be- 
tween the  base  pairs  is  essential  for  the  diimides  to  intercalate. 
Therefore,  either  the  size  or  the  orientation  of  the  side  chain 
could  play  an  important  role  in  the  intercalation  process. 

Dissociation 

The  results  presented  in  Table  3-5  show  that  the  dissocia- 
tion of  naphthyl  diimides  is  closely  related  to  the  change  of 
substituted  groups  on  the  carbon  adjacent  to  the  ring.  Surpris- 
ing is  the  fact  that  type  A and  type  C diimides  have  about  the 
same  activation  energy  for  the  dissociation  process  regardless 
of  the  difference  in  side  chains  and  dissociation  rate  constants. 
Furthermore,  the  activation  energies  of  these  dissociation 
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processes  (which  average  19  kcal/mole)  are  higher  than  that 
involved  in  the  opening  of  a base  pair  in  poly (A) • poly (U) 

(15  kcal/mole)  (Mandal  and  Kallenback,  1979).  Therefore,  the 
significant  difference  in  dissociation  rate  constants  between 
type  A and  type  C diimides  could  not  be  explained  only  by  the 
requirement  that  the  base  pairs  open,  even  though  the  inter- 
calators  show  dramatic  differences  in  size  at  the  carbon 
adjacent  to  the  ring. 

Studies  of  the  dissociation  kinetics  at  various  temperatures 
were  performed  for  type  A diimides  (i,  8^  and  9_  , as  well  as  for 
type  C compounds  1_0  and  jLL  using  the  following  equation: 

k, 


In 


AH^l,  ^b  , AS 

'(t)  + ln  TT"  + 


4-3 


R '•T' 


R 


4 f 

where  k is  the  rate  constant,  AH'  and  AS'  are  the  enthalpy 
and  entropy  of  activation  respectively,  k^  and  h are  respectively 
Boltzman's  and  Planck's  constants  and  T is  the  absolute  temper- 
ature. The  slope  of  the  ln(k/T)  versus  1/T  plot  affords  -AH^/R, 
and  AS^  can  be  determined  by  extrapolating  to  infinite  temper- 
ature. The  two  values  for  AH^  and  AS^  were  determined  by  a 
least  square  linear  regression  computer  program  and  are  summar- 
ized in  Table  4-1.  The  difference  of  enthalopy  of  activation 
paramater  is  close  to  experimental  error  and  shows  that  the  en- 
thalpy of  activation  of  type  C diimides  is  equal  or  smaller  than 
that  of  type  A diimides.  However,  the  difference  in  activation 
entropy  is  very  dramatic  and  this  could  largely  account  for  the 
difference  in  their  rate  constants.  The  large  positive  activation 
entropy  value  of  type  C compunds  might  indicate  that  during  the 
dissociation  process  the  intercalator  has  to  reorient  itself 
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Table  4-1: 

Activation  Parameters 
Dissociation  Process3 

for  the 

Reporter-DNA 

Compound 

AH^ 

(kcal/mole) 

kS* 
(e.u. ) 

AGf 

(kcal/mole) 

6 

1 8 . 9±  1 . 0 

+ 2.8 

+ 18.1 

8 

18. 7±2o0 

+ 2.8 

+ 17.9 

Si 

18. 7±1.0 

+ 2.8 

+ 17.9 

11 

15. 7±1.0 

-16.1 

+ 20.5 

11 

15.8+1.0 

-15.9 

+ 20.5 

a Calculated  using  a linear  least  square  regression 
computer  program. 

d AG'  = AH^  - TAS'  , (at  25°C). 
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between  the  base  pairs  to  achieve  a more  favorable  orientation 
in  order  for  it  to  dissociate  from  the  complex.  Taking  a closer 
look  at  type  C compounds,  compound  10_  has  an  amide  group  on 
the  alpha  carbon  next  to  the  naphthyl  ring  whose  bulkiness, 
confirmed  by  CPK  model  building,  hinders  the  rotation  of  the 
bond  between  the  alpha  carbon  and  the  nitrogen  along  with  the 
carbonyl  groups  of  the  imide.  In  other  words,  the  C-N  bond  of 
the  alpha  carbon  on  the  ring  of  any  type  A compound  can  freely 
rotate  but  not  those  of  type  C compounds.  This  could  probably 
account  for  some  of  the  high  activation  entropy  of  type  C com- 
pounds in  comparison  with  those  of  type  A.  It  should  be  noted, 
though,  that  one  cannot  rule  out  the  possibility  for  the  amide 
group  on  type  C compounds  to  form  hydrogen  bonding  with  DNA  in 
some  particular  manner,  and  solvation  effects  may  also  be  in- 
volved . 

In  order  to  compare  the  results  from  thermodynamic  and 
kinetic  studies,  it  is  assumed  that  the  reporters  interact  with 
DNA  through  a simple  process  such  as  that  represented  by  equa- 
tion 4-3.  Therefore,  the  equilibrium  constant  could  be  set 
equal  to  the  ratio  of  the  association  constant  to  the  dissocia- 
tion constant.  The  calculated  equilibrium  constants  are  sum- 
marized in  Table  4-2  and  agree  with  the  results  from  the  thermo- 
dynamic binding  isotherm  study  within  a factor  of  3,  except 
compound  11 . 


Table  4-2:  Comparison  of  Binding  Affinities  and  Equilibrium  Constants  of  the  Diimides 
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Conclusion 

In  this  study,  attention  has  been  centered  on  a variety  of 
naphthyl  imides  and  diimides.  Comparing  Table  4-3  and  Fig.  1-5 
it  can  be  concluded  that  the  structural  features  of  these  inter- 
calators  are  closely  related  to  their  relative  binding  affinities. 
If  the  structure  of  the  intercalator  allows  it  to  have  a high 
degree  of  overlaping  of  its  intercalating  ring  system  with  the 
base  pairs,  a high  binding  affinity  is  observed.  The  structural 
features  also  play  an  important  role  in  the  unwinding  angle. 

A high  degree  of  unwinding  is  observed  for  those  intercalators 
with  a large  amount  of  interaction  with  the  bases.  Besides, 
as  the  size  of  the  substituted  group  on  the  carbon  adjacent  to 
the  intercalating  ring  system  increases,  the  association  rate 
constant  ivith  DNA  decreases.  For  the  dissociation  process, 
the  reorientation  of  the  intercalator  with  respect  to  the  DNA 
bases  seems  to  be  essential,  but  only  a consideration  of  the 
group  size  does  not  explain  the  results  obtained. 

It  should  be  noted  that  the  compounds  chosen  for  this 
study  systematically  vary  the  size  of  their  side  chains.  It  then 
becomes  very  important  to  extend  this  type  of  research  to  a 
variety  of  intercalating  ring  systems  having  different  numbers 
of  aromatic  rings  or  different  electron  perturbing  groups  but 
keeping  the  same  side  chain  in  order  to  understand  the  effect 
of  the  intercalating  ring  itself. 

From  a kinetic  point  of  view,  it  is  found  that  by  intro- 
ducing bulky  groups  on  the  naphthyl  diimide  system,  the  dissoci- 
ation and  association  rate  constants  of  an  intercalator  become 


Table  4-3: 

Summary  of  Important 
Naphthyl  Imides  and 

Characteristic 

Diimides 

Values  of 

Compound 

a 
0 ^ 

,b 

kreal 

, 2 5°  Cd 
k 

¥e 

ASf 

(M_1)  (degree) 

(sec 

"1.  M" 

b)  (sec“b) 

(e.u. ) 

(X  10"4) 

(X 

10'5) 

1 

0.85 

10.8 

TFf 

TF 

NDg 

2 

0.70 

10.4 

TF 

TF 

ND 

3 

0.41 

8.0 

TF 

TF 

ND 

4 

0.22 

4.3 

TF 

TF 

ND 

5 

0.12 

8.0 

TF  ' 

TF 

ND 

6 

23 

14.5 

1.0 

0.40 

+ 2.8 

7 

18 

14.7 

0.60 

0.52 

ND 

8 

30 

14.7 

0.88 

0.68 

+ 2.8 

9 

40 

14.0 

0.90 

0.51 

+ 2.8 

1£ 

2.6 

8.8 

0.051 

0.066 

-16.1 

n 

2.4 

4.3 

0.016 

0.076 

-15.9 

12 

1.6 

13 

0.15 

1.6 

ND 

11 

1.4 

ND 

0.18 

1.2 

ND 

a These 

values  are 

taken 

from 

Table 

3-2  and  3 

-3. 

b These 

values  are 

taken 

from 

Table 

3-4. 

c These 

values  are 

taken 

from 

Table 

4-2. 

a These 

values  are 

t aken 

from 

Table 

3-5. 

® These  values  are  taken  from  Table  4-1. 
TF  = too  fast  to  be  determined. 


8 ND  = not  determined. 
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much  slower  than  those  of  acridine  orange  or  the  anthracyclines , 
but  are  still  much  faster  than  for  actinomycin  D.  This  sug- 
gests that  this  approach  becomes  promising  to  study  the  kinetic 
aspects  of  DNA  in  more  detail.  Therefore,  synthesizing  di- 
imides  with  substituted  groups  much  bulkier  than  the  ones  on 
compounds  JL0  or  11 , or  "locking"  the  side  chain  in  a certain 
conformation  unfavorable  for  the  intercalation  process  to  occur 
would  probably  lead  to  very  small  rate  constant  values. 

In  addition  to  elucidating  the  nature  of  the  structure 
and  the  dynamics  of  DNA,  one  of  the  most  important  missions  of 
these  compounds  in  the  near  future  is  to  determine  how  these 
thermodynamic  and  kinetic  characteristics  affect  their  bio- 
logical activity.  This  would  provide  an  invaluable  knowledge 
to  the  future  of  drug  design. 
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